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3Résumé 
Le choix du partenaire sexuel est l’une des décisions les plus importantes auxquelles sont 
confrontés les animaux au cours de leur vie. Une manière pour un individu de choisir un 
partenaire sexuel est de copier le choix de ses congénères. Bien que décrit dans différentes 
espèces de vertébrés et chez la Drosophila, ce processus d’imitation du choix du partenaire 
reste malgré tout peu compris. L’objectif de ma thèse a été d’étudier la capacité des femelles à 
choisir leur partenaire sexuel par imitation dans deux espèces de poisson, le poisson zèbre 
(Danio rerio) et la Gambusie de l’Est (Gambusia holbrooki), et d'étudier si cette capacité des 
femelles à imiter est corrélée à leur personnalité, plus particulièrement à leur caractère sur 
l’axe timide-audacieux. 
Les femelles poisson zèbre et G. holbrooki ont une préférence naturelle pour les grands mâles. 
Afin d’évaluer leur capacité à imiter, nous avons testé si, comme décrit dans d'autres espèces 
de poissons, les femelles augmentent leur préférence pour le petit male après avoir observé le 
grand male seul et le petit mâle en interaction avec une autre femelle. Nous n’avons pas pu 
mettre en évidence une tendance à imiter le choix de ses congénères chez des femelles poisson 
zèbre, suggérant que ce modèle n’est pas adapté pour étudier les mécanismes cognitifs sous-
tenant le processus d’imitation du choix du partenaire (Article 1, Chapitre 2). Afin d’évaluer 
leur caractère exploratoire-audacieux, nous avons testé le comportement de ces mêmes 
femelles poisson zèbre dans un labyrinthe toutes les deux semaines, cinq fois de suite. Bien 
que nous ayons trouvé une répartition claire des individus le long de l'axe timide-audacieux 
dans le premier test, nous n’avons cependant pas pu détecter une répétabilité des 
comportements individuels à travers les tests suivants. Ceci était sans doute du au fait qu'après 
le premier test de personalité dans le labyrinthe, les femelles avaient appris que ce labyrinthe 
ne contenait aucun attracteur (alimentation ou congénère), ce qui les conduisaient à bouger de 
moins en moins dans le labyrinthe. Ainsi, bien que les traits de personnalité doivent persister 
au fil du temps, nos données suggèrent que la répétabilité des mesures dans un même test 
pourrait être faussée par l’apprentissage et l’habituation (Article 2, Chapitre 3).  
4Finalement, nos données sur les femelles Gambusie de l’Est suggèrent que la capacité à imiter 
le choix d’un partenaire sexuel est liée à la personnalité des femelles: comme anticipé, seules 
les femelles timides, et non les plus audacieuses, montrent une réelle capacité à imiter le choix 
de leurs congénères femelles. Ce comportement des femelles timides est maximum lorsque la 
différence de taille entre les mâles est comprise entre 10% et 25%. Enfin, l’imitation du choix 
du partenaire semble également être affectée par la pression atmosphérique au moment de 
l'expérience, les femelles étant plus susceptibles d’imiter leurs congénères lorsque la pression 
de l'air augmente, en prévision de condition climatique favorable. Si nous avions ignoré ces 
effets confondants (personnalité, différence relative de taille des mâles attracteurs et pression 
atmosphérique), nous n'aurions pas détecté le comportement d'imitation du choix du partenaire 
sexuel chez la gambusie. Nous concluons qu'il est important de prendre en compte de tels 
effets confondants dans l'étude du comportement d'imitation du choix du partenaire social 
chez les autres espèces (Article 3, Chapitre 4).
5Abstract 
The use of social information in the context of mate choice is important in sexually 
reproducing organisms. One form of mate choice is through social learning, namely mate-
copying, in which females choose potential mates by copying the mate choice of conspecifics. 
Although mate-copying has been described in various animals, we know little about the 
parameters influencing it. Here I investigated whether zebrafish (Danio rerio) and mosquito 
fish (Gambusia holbrooki) females, rely on social information in mate choice and thus 
perform mate-copying. I also characterized tested females along the shy-boldness axis to 
investigate whether mate-copying is related to personality in these fish. Both zebrafish and 
mosquito fish females have a natural preference for large males. To address female’s ability to 
mate copy, we tested whether females change their preference for the small male after 
observing the large male alone and the small male interacting with another female. In 
zebrafish, we found no significant evidence for mate-copying, suggesting that the zebrafish is 
probably not the best model species to study the cognitive mechanisms underlying mate-
copying in vertebrates (Paper 1, Chapter 2). To study the shy-boldness behavioral response of 
zebrafish, we tested zebrafish females five times in the same open-field maze with a delay of 
two weeks between tests. In the first test, we found a clear distribution of the individuals along 
the shy-boldness axis; however, we were not able to detect any repeatability of individual 
behavior across the following tests, mainly because individual fish seemed to have learned that 
the maze used to measure their personality did not contain any attractive elements (food or 
conspecifics), which lead them to stay more and more immobile in successive personality tests.
Thus, although personality trait should be consistent over time, our data suggest that repeated 
measurements in the same test might not be appropriate as they include a risk of learning and 
habituation to the experimental design (Paper 2, Chapter 3). 
We then tested G. holbrooki females in a standard mate-copying experiment and then 
performed a unique personality test in a maze. As anticipated, we found no significant mate-
copying in bold individuals, but found strong evidence for mate-copying in shy individuals. 
Furthermore, shy individuals copied the choice of other females mainly when the relative size 
6difference between stimulus males was between 10% and 25%. Below and beyond these 
values shy females did not show significant mate-copying. Finally, mate-copying also 
appeared to be affected by the air pressure during the demonstration phase and shy females 
were more likely to copy when the air pressure was high, that is when climatic conditions 
were most favorable. Ignoring personality, attractor male relative size differences and climatic 
conditions would have leaded us to conclude that mate-copying does not seem to exist in the 
mosquito fish. We thus conclude that it is important to account for such potential confounding 
effects when testing the existence of mate-copying behavior in various animal species (Paper 3, 
Chapter 4). 
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Introduction 
Sexual selection theory  
In 1859, Charles Darwin introduced the concept of natural selection to explain how new 
species could appear and gradually change over time. The general principle of Darwin’s 
theory of natural selection is that individuals possessing characters that best fit an environment 
have more chances to survive and reproduce than individuals less adapted to the same 
environment. Their offspring are expected to inherit their advantageous traits and, as a 
consequence, the frequency of these traits increases in the concerned population. Thus, 
provided that the environment remains the same, individuals with given advantageous traits 
should spread through the population over generations, eventually become the only lineage 
represented in the future. 
However, Darwin also wrote: “I am convinced that natural selection has been the main but not 
exclusive means of modification (Darwin 1859).” In 1871, Darwin developed another theory 
on another kind of selection, namely sexual selection, to explain differences in reproductive 
success caused by competition over mates. Darwin (1871) explained sexual selection in this 
way: “If the individuals of one sex were during a long series of generations to prefer pairing 
with certain individuals of the other sex, characterized in some peculiar manner, the offspring 
would slowly but surely become modified in the same manner.”. This principle explained the 
evolution of characters that were not related to an individual’s ability to survive, but rather to 
its ability to find a mate and reproduce. Today, we accept that in many species, sexual 
selection has caused the appearance and evolution of multiple sexual ornaments. Male sage 
grouse, for instance, are adorned with black throat and belly feathers, bright yellow eye 
markers, inflatable air sacs, spiked tail feathers (Wiley 1973), all these as a result of sexual 
selection. Andersson (1982) observed that females of the long-tailed widowbird (Euplectes 
progne) are attracted to males that display the longest tail and that the males with artificially 
elongated tails are the most successful, even though long tail can slow males down and seem 
detrimental to their survival. 
Chapter 1: Introduction 
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Sexual selection results from differential mating success among individuals within a
population (Panhuis et al. 2001). Darwin (1871) differentiates sexual selection between 
intrasexual and intersexual selection. Intrasexual selection (intrasexual competition) results 
from competition between members of the same sex for access to mates. Intrasexual selection 
affects secondary sexual traits and behaviors with which individuals can compete for mating 
opportunities. On the other hand, intersexual selection (intersexual mate choice) describes the 
attraction of one sex towards members of the other sex and the choice of one individual of the 
opposite sex as a mating partner. Intersexual selection promotes the development of characters 
or traits that increase individual’s own attractiveness for individuals of the opposite sex 
(Darwin 1871). Intersexual selection has been related to the differential investments of 
members of the two sexes in the production of one individual progeny (Trivers 1972). The sex 
that invests to a greater extent into each of their gametes and post-fertilization care relative to 
members of the other sex (Trivers 1972), should be particularly choosy with whom they mate. 
Typically, the fact that females produce far fewer gametes and invest far more in each gamete 
than males correlates with females tending to choose males with extraordinary characters or 
special behavioral traits (Darwin 1871). These extraordinary traits are costly to produce; this 
leads to selection for high quality mates and thus increases in the survival rate and the 
attractiveness of their own offspring (Bateman 1984).  
Sexual selection can drive speciation which is the split of one species into two or more species 
(Panhuis et al. 2001). This might happen, for instance, when sexual selection arises from 
female choice. When a group of females prefers one type of male traits and another group of 
the same female species prefers another type, then different preferences will occur in different 
populations and male traits will begin to diverge. When reproductive isolation exists among 
these two populations, divergence between populations will emerge. 
Fisherian sexual selection is considered to explain a great number of male exaggerated traits. 
Fisherian sexual selection suggests that male exaggerated traits are the result of a “runaway 
process” mechanism that is driven by the intersexual preference of females for males that 
express the most exaggerated traits in mate choice (Fisher 1930). Fisher (1930) assumed that 
Chapter 1: Introduction 
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males vary in the expression of their traits and females prefer these male traits. When the 
environment changes and favors a certain type of male traits and these traits are heritable, the 
number of males with these certain traits and the number of females with a preference for 
these traits will raise in a population. Then, it assumes that a genetic linkage between what 
codes for female preference and what codes for male traits will be settled by mating. However, 
this might be a purely statistic linkage between males’ exaggerated traits and female 
preference rather than an actual genetic linkage (Danchin et al. 2004). This statistical linkage 
simply results from the fact that when females mate with their preferred males, what is 
heritable in the male trait becomes statistically associated with what is heritable in the female 
trait (Danchin et al. 2004). Generations of organisms inherit not only genes from their 
ancestors, but also a legacy of natural selection pressures that have been modified by their 
ancestors, and this legacy of modified selection pressure has been labeled an ecological 
inheritance (Odling-Smee 1988). For instance, heritability on the male side may result from 
ecological inheritance (Laland et al. 2000), while on the other hand, heritability of female 
mate preference for males with such abilities may be socially transmitted (for instance through 
mate-copying). Therefore, a statistical association between an ecologically inherited male trait 
and a cultural inherited female mate preference can emerge. 
In most cases, male attractiveness is related to traits that provide a survival advantage to the 
individual: females may prefer males that provide heritable benefits for offspring development 
or survival (Møller and Alatalo 1999). In this context, natural and sexual selection may be 
associated. There are several models investigating how individuals could take advantage of 
heritable benefits (Weatherhead and Robertson 1979; Hamilton and Zuk 1982; Reynolds and 
Gross 1992).  
Weatherhead and Robertson (1979) built on these ideas to explain why, in polygynous mating 
systems, females prefer mating with attractive males. In such systems, males usually do not 
invest in their progeny beyond fertilization. As a consequence, female reproductive success is 
decreased. Weatherhead and Robertson (1979) assumed that male offspring should at least 
partly inherit the individual qualities of their father. Thus, though females mating with 
Chapter 1: Introduction 
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attractive but already mated males may suffer decreased reproductive success, they may 
benefit indirectly through the reproductive success of their male offspring. The male offspring 
of these females inherit some of their father’ attractive traits and in turn leave more offspring 
because they attract more females, then through these “sexy sons” their mothers will 
eventually leave more descendants. 
Hamilton and Zuk (1982) developed a model in which North American bird females choose 
males based on health and vigor characters as these traits are indicative of high parasite 
resistance. They found that only males with resistances against currently common parasites 
can produce extraordinary ornaments (e.g. male brightness). The occurrence of these 
extraordinary ornaments directly informs the female on whether a male is parasite-free, and 
thus, provides information about male’s quality. Thus, by mating with parasite-free males, 
females can reduce the risk of parasite infection and have more chance to produce offspring 
carrying resistance genes.  
Reynolds and Gross (1992) revealed that the genetic consequences for offspring life histories 
benefits from heredity in sexual selection in Trinidadian guppies (Poecillia reticulata). This 
study showed that female guppies prefer larger males and male size had significant father-son 
heritability. Larger guppy males produced sons and daughters with higher growth rates, and 
daughters with higher reproductive output. Therefore, female mate preferences may have 
important effects on the inheritance of offspring traits.  
All these models mentioned above describe how mate preferences can be genetically 
transmitted from one generation to the next. However, mate preferences can also be culturally 
transmitted within and between generations (Brooks 1998). Recently the importance of social 
factors in the development of mate preferences has been highlighted. Genetic transmission of 
useful information may occur too slowly to be beneficial, thus gaining information through 
social transmission might be faster and more effective to adapt to the changing environment 
than genetic transmission. 
Chapter 1: Introduction 
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Social information and social learning 
Former theoretical models of sexual selection assume mate preferences from a genetic point of 
view (Andersson and Simmons 2006; Bakker 1999). However, mate preferences are 
determined not only by genetic factors, but also by social factors like maternal effects 
(Mousseau and Fox 1998), experience (Breden et al. 1995; Rosenqvist and Houde 1997; 
Magurran and Ramnarine 2004), ecological factors (Boughman et al. 2005) and the social 
environment (Witte and Nöbel 2011). 
The information acquired by an individual about the environment is referred as personal 
information (Danchin et al. 2004; Valone 1989). Individuals can obtain personal information 
directly by interacting with a physical environment and assessing a resource. Personal 
information is usually used when animals move in a habitat or migrate between habitats (Dall 
et al. 2005). For instance, animals can choose to use the appropriate environmental 
information, such as the sun and stars for navigation (Grocott 2003). However, gathering 
personal information not only incurs the costs of exploration, including time and energy, but 
also increases exposure to both predation and any environmental threats (Galef 2009). 
Therefore, one way to estimate the quality of environmental factors while reducing costs of 
information gathering may be to use social information by observing other individuals with 
the same requirements (Danchin et al. 2004; Danchin and Wagner 2010; Valone 2007; Valone 
and Templeton 2002). 
The information extracted from interactions with, or observations of, other organisms is 
referred as social information (Wagner and Danchin 2010) (See Figure 1.1). One form of 
social information, known as signals, involves in intentional communication (Marler et al. 
1992). Signals are produced by natural selection (Danchin et al. 2004; Wagner and Danchin 
2010) and are usually socially acquired information that can influence the behavior of others 
(Dall et al. 2005). Another form of social information, known as cues, involves in inadvertent 
social information as part of public information (Wagner and Danchin 2010). Inadvertent 
social information is extracted from facts that are unintentionally produced by organisms, and 
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may be acquired from facts that reveal the quality of resources (Wagner and Danchin 2010). 
Individuals that use social information are able to evaluate the quality of unknown individuals 
or resources faster than individuals that do not use social information, and thus their decisions 
should be more accurate (Valone 2007).  
Figure 1.1 Forms of social information (From Wagner and Danchin 2010)
A learning process that involves the use of social information is named “social learning”. An 
individual can use social learning to modify its behavior through observing the behavior of 
others (Danchin et al. 2004). Because acquiring personal information can be quite costly to an 
individual, it is usually assumed that social learning is beneficial in that acquiring social 
information is generally less costly (Laland 2004; Kendal et al. 2005). When individuals 
choose to use social information instead of personal information in a given context, it reflects 
an individual trade-off between ensuring accuracy of information acquired and the cost of 
obtaining such information (Kendal et al. 2005). The information provided by social learning 
may be particularly relevant for inexperienced individuals, because of their relatively poor 
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assessment abilities. For instance, in a sexual context, young inexperienced females can 
observe the choice of other females to gather information about male quality. This can provide 
the inexperienced females with additional information helping them to develop their own 
preferences for a given male phenotype. Individuals in groups are more likely to obtain 
information faster, more reliable and at lower costs than solitary individuals (Galef and 
Giraldeau 2001). 
Socail information is particularly used by animals in a wide range of taxa to estimate 
prospective mates (Dall et al. 2005; Bonnie and Earley 2007; Danchin et al. 2004; Valone 
1989, 2007; Valone and Templeton 2002). When selecting sex partner, individuals can be 
affected by observing other individuals interacting with sex partners, and can then use this 
specific social information to choose a mate (McGregor 1993, 2005˗McGregor and Peake 
2000). For instance, individuals can obtain social information on potential mates’
attractiveness by evaluating their mating performance (Nordell and Valone 1998). In many 
species, females can develop mating preferences by just observing other females’ sexual 
preferences (Westneat et al. 2000) (see section Mate-copying).
Mate-copying 
One mechanism of social learning in social networks is eavesdropping. Eavesdropping is 
defined as the act of extracting information from signaling interactions between conspecifics 
to which the observer does not participate (McGregor and Dabelsteen 1996). One form of 
social learning that can be seen as a special case of eavesdropping in the context of mate 
choice is mate choice copying or more simply mate-copying (Danchin et al. 2004; Gibson and 
Höglund 1992; Wade and Pruett-Jones 1990). Mate-copying occurs when an observer 
individual (usually a female) uses the mating preferences of conspecifics to build their own 
sexual preference and thus to make a mating decision. Mate-copying can override mating 
preferences that may be genetically determined in some instances (Dugatkin 1996b).
The formal definition of mate-copying was given by Pruett-Jones (1992). The learner is 
usually called ‘observer’, and the individual whose behavior is observed is referred as 
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‘demonstrator’ (Heyes 1994). The observer female has copied the mate choice of conspecific 
females if it then tends to prefer as a mate, the individual male that was preferred by the 
demonstrator females (Dugatkin 1992; Losey et al. 1986; Pruett-Jones 1992). 
Copying the mate choice of others can be a fast (less time spent searching for and assessing 
potential mates), cheap and safe strategy to gather valuable information about potential mate 
quality for mate choice (Westneat et al. 2000; Witte and Nöbel 2011). There are several 
theories to model how mate-copying could evolve and can be maintained in a population 
(Brennan et al. 2008; Gibson and Höglund 1992; Laland 2004; Nordell and Valone 1998; Sirot 
2001; Uehara et al. 2005). Nordell and Valone (1998) predicted that individuals with poor 
discrimination ability should copy more than individuals with superior discrimination ability 
because copying increases the probability to mate with a higher quality mate than choosing by 
chance and even if one potential cost of copying is copying a poor choice. For example, if a 
female cannot correctly discriminate between two males, this female can benefit of copying a 
second female that can potentially discriminate between the two males. If this second female 
made a right choice, then, the observer female will thus mate with the male of higher quality 
by mate-copying. If the second female cannot discriminate the two males either, the observer 
female will have a 50% probability of mating with the higher quality male in both cases (either 
copying or not copying the second female). Therefore, the observer female would always take 
advantages of copying rather than mating at random using her inadequate assessment ability. 
Wade and Pruett-Jones (1990) showed that mate-copying can increase the dynamic of 
processes in sexual selection. Mate-copying can generate selection to favor rare phenotypes 
and thus maintain variation for male traits (Agrawal 2001). In principle, mate-copying can 
have effects on the distribution of male traits in a population by altering the distribution of 
genes passed on to the next generation (Agrawal 2001; Kirkpatrick and Dugatkin 1994). 
Laland (2004) proposed a ‘copy when uncertain’ strategy. Individuals copy when they are 
uncertain as to which behavior pattern is appropriate because they possess no relevant prior 
knowledge. In such situations, females should use social information. 
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Mate-copying is not a laboratory artifact, there are several studies showing experimentally that 
mate-copying occurs in the wild (Höglund et al. 1995; Witte and Ryan 2002). Dugatkin (1992) 
provided the first experimental evidence that guppy females, Poecilia reticulate, do not choose 
a mate independently from other females but copy the mate choice of others. Following this 
study, there has been a boom of experimental studies on mate-copying. Mate-copying has 
been experimentally demonstrated in several bird species, including the sage grouse 
Centrocercus urophasianus (Gibson et al. 1991), the black grouse Terao tetrix (Höglund et al. 
1995), the Japanese quail Coturnix corturnix japonica (Galef and White 1998, 2000) and, 
more recently, in zebra finches Taeniopygia guttata castanotis (Kniel et al. 2015). Mate-
copying has also been described in mammals (i.e. Norway rats Galef et al. 2008; humans, Eva 
and Wood 2006; Waynforth 2007), in Drosophila melanogaster (Mery et al. 2009; Loyau et al. 
2012) as well as in several species of fish (reviews in Danchin et al. 2004; Witte and Nöbel 
2011). 
In fish, studies on mate-copying involved several laboratory species as well as experiments 
raised in laboratories or in the wild, including the sailfin molly Poecilia latipinna (Nöbel and 
Witte 2013; Schlupp and Ryan 1997; Schlupp et al. 1994; Witte and Noltemeier 2002; Witte 
and Ryan 2002; Witte and Ryan 1998), the guppy Poecilia reticulata (Amlacher and Dugatkin 
2005; Dugatkin 1992, 1998, 2007; Dugatkin and Godin 1992, 1993; Godin and Hair 2009; 
Vukomanovic and Rodd 2007), the Atlantic molly Poecilia mexicana (Bierbach et al. 2013), 
Limia perugiae (Applebaum and Cruz 2000) and the Japanese medaka Oryzias latipes (Grant 
and Green 1996), whitebelly damselfish Amblyglyphidodon leucogaster (Goulet and Goulet 
2006), ocellated wrasse Symphodus ocellatus (Alonzo 2008). A major result from all these 
studies is that the influence of social information can be strong enough to reverse natural 
predispositions with, for instance, females copying the apparent mate preference for small 
males despite an initial preference for a fitness related trait such as larger males (Marler and 
Ryan 1997). Moreover, females can keep this socially learned mate preference for at least five 
weeks (Witte and Noltemeier 2002). 
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Personality traits: the bold-shy axis 
The traditional approach to behavioral and evolutionary ecology often uses averaged behavior 
and thus ignores individual differences (Mather 1998; Slater 1981). However, individual 
behavior in animals can differ consistently across time and context (Bell et al. 2009; Dall et al. 
2004; Toms and Echevarria 2014). Therefore, research in the area of individual differences 
among non-human animals and particularly persistent differences among individuals has risen 
in a wide range of taxa in recent years. Consistency in individual behavior does not mean that 
the trait does not change, but rather the order in behavioral variation among individuals 
remains mostly the same. These differences in individual behavior reflect distinct coping 
styles (Koolhaas et al. 1999), behavioral syndromes (Conrad et al. 2011; Sih and Bell 2008) 
and personality traits (Gosling 2001; Gosling and John 1999). Personality traits are generally 
considered as consistent differences in behavior among individuals in a population (Réale et al. 
2007). 
Animals in a wild range of taxa, including humans, present different personality traits (Réale 
et al. 2007), which can be heritable and linked (van Oers et al. 2004). For example, van Oers 
et al. (2004) found a genetic correlation between risk-taking behavior and exploratory 
behavior in great tits. Personality traits can influence various aspects of an individual’s life
such as intraspecific relationships and interaction with its environment, all of which can have 
profound effects on fitness and social dynamics (Smith and Blumstein 2008). For instance, in 
great tits (Parus major), speed of exploring novel environments in the lab is positively 
correlated with aggressiveness towards conspecifics (Verbeek et al. 1996). Jones and Godin 
(2010) showed that in convict cichlid fish (Amatitlania nigrofasciata), fast explorer in novel 
environment were slower to respond the predator. Along these lines, personality traits can 
impact on mate selection as well. In the Trinidadian guppy (Poecilia reticulata), where 
females prefer mating with colorful males, Godin and Dugatkin (1996) found that brighter
males are significantly bolder than drabber males. Therefore, female guppies choose relatively 
bold male by preferentially mating with colorful males. Likewise, female’s personality can 
also play a role in choosing a mate. Godin and Dugatkin (1995) show that individual female 
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guppies are consistent in their choice of male coloration and have an overall preference for 
more conspicuous males, but differ from one another in their preference.  Forstmeier and 
Birkhead (2004) demonstrate that captive female zebra finches (Taeniopygia guttata) are 
consistent in their preference for male behavioral traits. However, while some females 
consistently prefer males with high song rates, others prefer males with low song rates;
similarly, some prefer highly aggressive males while others prefer less aggressive males. 
Furthermore, females that spent more time approaching available males during mating prefer 
males that sung at higher rates. Schuett (2008) shows that highly exploratory female zebra 
finches prefer males that appear to be exploratory; on the other hand less exploratory females 
show no preference for males with either exploratory or non-exploratory. As such, individual 
differences in personality traits can be considered as an adaptive variation from Darwin’s view 
that evolution acts on the individual and may not be limited to only physical traits (Darwin et 
al. 1998; Gosling 2001; Dingemanse et al. 2009). 
There are many ways to measure personality, such as exploration of a novel environment 
(Jones and Godin 2010; Wisenden et al. 2011), risk taking behavior (Wilson and Godin 2009) 
or boldness towards predators (Godin and Dugatkin 1996). Boldness is one of the most 
frequently measured personality traits (Conrad et al. 2011). The exploratory-boldness 
behavioral syndrome is a major axis of behavioral variation in a wild range of animal taxa 
(Gosling 2001; Sih et al. 2004; Dingemanse and Réale 2005; Groothuis and Carere 2005; 
Réale et al. 2007); however there seems to be no consensus about how to define it (Carter et al. 
2013). The bold-shy behavior axis is categorized under the empirical indices of introversion 
and extroversion in humans and has been considered by psychologists as one of the most 
distinctive and heritable sources of stable behavioral variation (Coleman and Wilson 1998; 
Kagan et al. 1988). Fraser et al. (2001) defines boldness as the “propensity to move through 
and explore unfamiliar space”. Budaev (1997) considers boldness based on Wilson et al.’s 
(1993, 1994) definition that a fish is considered bold when it is active in a novel environment 
(presumably explores it) rather than responding by retreating or freezing (indicative of 
shyness). Réale et al. (2007) defined boldness as an individual’s response to a risky situation 
without the context of novel stimuli. 
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Individual differences along a bold-shy axis may profoundly affect behavior across an 
individual’s life span, including courtship, foraging, feeding, competition and adaptation to 
environmental changes. A shy fish may respond to unfamiliar situations by fleeing, retreating, 
becoming cautious, quiet or inactive. On the other hand, bold individuals will show, in the 
same situation, opposite responses by moving towards, becoming active and exploring 
(Wilson et al. 1993). 
Several fish species are increasingly utilized as comparative model organisms to uncover 
personality traits across many taxa (Toms et al. 2010). Consistent personality traits have been 
found in many fish species, such as Midas cichlid Cichlasoma citrinellum (Francis 1990), 
pumpkinseed sunfish Lepomis gibbosus (Coleman and Wilson 1998), Convict cichlid 
Amatitlania nigrofasciata (Budaev et al 1999; Jones and Godin 2010), and brown trout Salmo 
trutta (Adriaenssens and Johnsson 2012). The importance of personality traits in fish has been 
shown to have implications across a wild range of fields, including neurosciences (Johansen et 
al. 2012; Maximino et al. 2010), interpretations of molecular data (MacKenzie et al. 2009; 
Alves et al. 2010), performance traits (Øverli et al. 2007; Martins et al. 2011), behavioral
ecology and evolution (Mather 1998; Budaev and Zworykin 2002).  
Linking personality traits and social learning tendency  
Behavioral syndromes refer to a set of individually behavioral traits are correlated with one 
another (Sih et al. 2004). The ecological and evolutionary implications of behavioral 
syndromes have been considered recently (Sih et al. 2004; Sih and Bell 2008). Behavioral 
syndrome can quantify individual variations in a behavior within a population and explain the 
maintenance of this variation (Sih et al. 2004). For instance, several studies have shown a 
positive correlation between boldness and aggressiveness. Huntingford (1976) found that 
territorial aggression is positively correlated with boldness towards predators in three-spined 
sticklebacks. Similarly, in female spiders (Agelenopsis aperta), individuals that are more 
aggressive are relatively bolder (Riechert and Hedrick 1993).  
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An individual shows behavioral flexibility when behavior is not consistent across contexts
(DeWitt et al. 1998). Behavioral phenotypes are among the most labile phenotypes (Foster and 
Sih 2013). Behavioral flexibility can explain how individuals respond to rapidly changing and 
novel environments (Snell-Rood 2013). Individuals can alter behavior to adapt and survive in 
novel environment until selection could raise fitness (Foster and Sih 2013). Therefore, it is 
important to understand the links between individual personality traits and other behavior that 
can enhance fitness. Webster and Laland (2011) suggest that an individual’s tendency to use 
social information would depend on intrinsic personality traits. However, there is little 
knowledge of potential links between individuals with different personality traits and the use 
of social information in their behavioral decision. Moreover, previous studies on individual’s 
propensity of using social information have shown conflicting results. For instance, a study on 
great tits (Parus major) showed that fast-exploratory birds copied the food choice of a
demonstrator while slow-exploratory did not (Marchetti and Drent 2000). However, another 
study on great tits found that in a quite similar situation less exploratory birds use social 
information (when there is presence of a companion) more than the most exploratory male 
birds (van Oers et al. 2005). In three-spined sticklebacks (Gasterosteus aculeatus) the most 
exploratoty individuals in unfamiliar environment can use the social information provided by 
demonstrators more than less exploratory individuals (Nomakuchi et al. 2009). On the 
contrary, variation in boldness in three-spined sticklebacks does not correlates with the 
individual's use of public information when individuals have the opportunity to use social 
information to identify better foraging patches (Harcourt et al. 2010). The use of social 
information in a foraging context decreased with increasing boldness of the individuals in 
barnacle geese (Branta leucopsis) (Kurvers et al. 2010). In male guppies, a positive correlation 
between learning speed and boldness has been documented (Dugatkin and Alfieri 2003). In the 
guppy (Poecilia reticulata), bold females were shown to better learn a foraging task both in 
terms of speed and accuracy (Trompf and Brown 2014).  Rosa et al. (2012) found that female 
zebra finches that are less active in sampling their environment rely more on social 
information; likewise, they found that females that explored more actively their environment 
were less likely to copy the choice of others. 
Chapter 1: Introduction 
24
Studies above suggest that individual behavioral differences influence the use of social 
information in different contexts and species. Fish models are economical (low cost and space 
required), easy to raise and to handle. I studied two fish species zebrafish (Danio rerio) and 
mosquito fish (Gambuisa holbrooki) in the context of mate-copying and personality traits. 
Study species 
Among vertebrates, the zebrafish (Danio rerio) emerged as a powerful model to study genetics, 
developmental biology, neurophysiology and biomedicine (Dooley and Zon 2000; Eisen 1991; 
Nüsslein-Volhard 2012; Streisinger et al. 1981). In particular, the zebrafish has been 
extensively used to study links between genetic and trait variations and, over the years, there 
has been increasing interest in the use of this model organism to understand the genetic basis 
of various behavioral patterns. For instance, Jones and Norton (2014) suggested that zebrafish 
can be used as a model to identify the genes and neural circuits that control aggression. The 
genes and neurotransmitters that control behavior of zebrafish appear to be conserved across 
species (Herculano and Maximino 2014). As a genetic model organism, the zebrafish could 
offer the possibility to study the neuronal circuitry and the gene networks involved in mate-
copying though the use of the battery of genetic and molecular tools available in that species. 
Such a mechanistic approach, however, can only be developed if female zebrafish show a 
clear-cut mate-copying. This is why here we investigated whether zebrafish females copy the 
choice of their conspecifics for smaller males after witnessing them successfully attracting 
another female. In the wild, zebrafish form small shoals of 2 - 30 individuals (Engeszer et al. 
2007b; Pritchard et al. 2001; Spence et al. 2006a). Thus, they have the opportunity to observe 
and copy the mate choice of conspecifics. Behavioral paradigms for zebrafish have only been 
developed in the last two decades (Blaser and Gerlai, 2006; Gerlai et al. 2006; Kalueff et al. 
2013).  
Since we did not find any evidence for mate-copying in zebrafish, we shifted to mosquito fish 
(Gambusia holbrooki). G. holbrooki is similar in many ways to the Trinidadian guppy, since 
both are poeciliid fish (Family Poeciliidae). G. holbrooki exhibits variation in boldness (Pyke 
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2005). Moreover, G. holbrooki is considered to be an invasive species when introduced into 
novel habitats, as such, populations have established in many areas of the world with a 
widespread geographical distribution and abundance in nature (Pyke 2005). This species can 
provide a very useful model for mate-copying and to study the links between personality traits 
and social learning in making mate-choice decision. 
Zebrafish (Danio rerio) 
The zebrafish belongs to the family Cyprinidae, the most species-rich vertebrate family. The 
zebrafish is a diurnal shoaling species that lives in fresh water rivers in India, Bangladesh, 
Pakistan, Nepal and Bhutan (Barman 1991; Engeszer et al. 2007b; McCann et al. 1971). 
Zebrafish grow fast in the first three months after hatching, and then growth ratio begins to 
decrease (Spence et al. 2007), the standard length rarely exceeding 40 mm. Some recent 
studies suggest that zebrafish sex is genetically determined but involve many gene loci and is 
influenced by the environment (Liew et al. 2012). Recently, Wilson et al. (2014) identify a
major sex determinant locus in wild-type strains and show that the reference genome of 
domesticated strains (AB and Tu) lacks these key components of the natural sex-determination 
system (Wilson et al. 2014). Sex determination is known to be affected by environmental 
parameters, such as rearing densities, food supply, and growth rate (Lawrence et al. 2008). For 
instance, Lawrence et al. (2008) show that faster-growing zebrafish tend to develop as females 
relative to their less fed siblings. Zebrafish have dark, bluish-black stripes alternating with 
light stripes. Zebrafish females and males display phenotypic differences but the degree of 
sexual dimorphism is minimal. Males tend to be slender than females, which usually display 
an enlarged belly where eggs are stored (see Figure 1.2). Males tend to show more yellow 
coloration and darker stripes than females (Laale 1977; Lawrence et al. 2008). However, these 
color and body shape traits are affected by diet, age and strain and may not be reliable enough 
for gender identification. The most reliable way to distinguish females from males is the 
presence of the urogenital papilla, a small protuberance in front of the genital pore that is well 
developed in females while poorly developed in mature males (Yossa et al. 2013). Turnell et 
al. (2003) showed that belly size alone allows a female zebrafish to distinguish between males 
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and females. In our study, males and females were identified unambiguously by looking at 
both the phenotypic traits and urogenital papilla. 
Figure 1.2 Wild type zebrafish (AB strain) (Danio rerio) Top: male/Bottom: female (From Vetmeduni Vienna 
(Livescience)) 
- Mating behavior and mate choice 
The reproductive maturity of zebrafish appears to be related to size rather than age (Spence et 
al. 2008). In zebrafish, male courtship behavior mainly consists in rapidly chasing the female. 
The male is swimming around or in front of the female trying to lead her to the spawning site. 
The male swims closely along the side of the female, so that their genital pores get aligned. 
This behavior triggers the simultaneous release of sperm and eggs by the two partners. 
Females can release between 5 and 20 eggs at a time and this sequence of behavior is repeated 
many times for 30 min to 1h (Darrow and Harris 2004); a single female can lay many 
hundreds of eggs. Sex ratio of a population can have important consequences for the mating 
behavior in zebrafish (Spence and Smith 2005). Under a female-biased sex ratio, the courtship 
rates increase, while courtship rates were significantly lower in male-biased treatments. 
Female pheromones can give rise to courtship behavior in the male (Hurk and Lambert 1983). 
In the laboratory, domesticated zebrafish strains can breed all year around. However, zebrafish 
in the wild are more likely than domestic strains to spawn seasonally. Breder and Rosen (1996) 
revealed that photoperiod influences the spawning in domesticated strains. The first mating 
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activity peak usually occurs in the morning immediately after day break (Plaut 2000). There 
are evidences that a decrease in water temperature or a rise in water level may promote 
spawning in zebrafish (Breder and Rosen 1966). 
Mating usually involves male-male competition and female preference. In zebrafish, these two 
mechanisms of sexual selection might operate in opposition. Spence and Smith (2006) 
suggested that female zebrafish exhibit mating preferences that are independent of male 
dominance. The possibility may be that not all mating involve male competition under natural 
conditions. It has been shown previously that female zebrafish prefer larger males (Pyron 
2003), and allocate more eggs to them (Skinner and Watt 2007). Olfactory signals have also 
been shown to play a role in reproduction (Bloom and Perlmutter 1977; Gerlach and Lysiak 
2006). For instance, Gerlach and Lysiak (2006) found that female zebrafish prefer the odor of 
unrelated males to unfamiliar brothers. Zebrafish may also use shape and stripe pattern to 
choose a mate (Turnell et al. 2003). However, in a similar test, males could not differentiate 
between the male and female shape but showed a significant preference for female images 
with horizontal stripe pattern over females with vertical stripe pattern. In the study of Spence 
and Smith (2006), female zebrafish prefer some males over others among male clutch size 
received when female egg production is used as a measure of preference.  
Mosquito fish (Gambusia holbrooki)  
Mosquito fish which belongs to the Poeciliidae family are beneficial to humans through 
controlling the density of mosquitoes and the diseases they transmit (Green and Imber 1977), 
and have thus been named as ‘mosquito fish’ (Seale 1917). The genus Gambuisa includes two 
species Gambusia affinis (Western mosquito fish) and Gambusia holbrooki (Eastern mosqutio 
fish). The taxonomy of the two species has changed over years, and they have been considered 
as separate species in 1988 (Pyke 2005). 
Mosquito fish are now the most wildly distributed freshwater fish in the world. G. holbrooki is
native to the eastern coastal plain of North America and, after its introduction into Europe, 
spread throughout Italy to most of the warmest European parts (Bisazza and Marin 1991). The 
size of mosquito fish usually ranges from 1 to 5 cm (Vondracek et al. 1988). Mosquito fish 
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females are larger than males and can continue to grow after maturity to reach 6 cm in size, 
while males grow little after sexual maturity (around 2.5 cm) (Vondracek et al. 1988). In 
mosquito fish, growth rate is influenced by water temperature, density of conspecifices, diet 
(Meffe 1992; Stearns 1983; Meffe and Crump 1987). They are usually silver in color, and 
have a single dorsal fin and a rounded caudal fin (Pyke 2005). Mosquito fish males have a
gonopodium which is an external sexual organ used to transfer sperm into female during 
mating (Constantz 1989). Gonopodium is the anal fin of the male and mature males have fully 
developed gonopodium (see Figure 1.3A). Mosquito fish females lack a gonopodium and 
mature females have a dark spot on the side of body (Howell et al. 1980) (see Figure 1.3B). 
Figure 1.3 Mosquito Fish (Gambusia holbrooki) A: male/B: female (Photos: Xiaobo Wang)
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- Mating behavior and mate choice 
Courtship in mosquito fish begins when the male aggressively moves towards the female. 
Usually larger males are dominant and chase away other males from the potential female 
(Bisazza and Marin 1991). Then, the female can accept or reject the courtship with the male:
the female may swim away to reject the male (Rosen and Tucker 1961) or, in contrast, she 
may follow the male and may allow him to access her (Bisazza and Marin 1991). Fertilization 
in mosquito fish is internal and most copulations come from males forcibly inseminating 
females (Peden 1973). When courtship occurs, the gonopodium of the male begins to erect 
with thrust towards the female urogenital opening (Haynes 1993). Females can store sperm
(Hildebrand 1917) and offspring in one clutch are often sired by more than one male (Chesser 
et al. 1984). Mosquito fish embryos develop inside the female and are able to swim when they 
are born (Wourms 1981). It usually takes 1 to 3 hours to give birth of a clutch of young 
mosquito fish (Smith 1912). In mosquito fish, clutch size varies and can range from 5 to over 
100 in average (Krumholz 1948). Reproduction of females was found to be influenced by 
water temperature and photoperiod (Medlen 1951; koya et al. 2004). For instance, Medlen 
(1951) showed that females nearly did not reproduce under 16 °C and females got pregnant 
earlier than others when given an extended light regime. 
Mosquito fish males invest less time and resources than females in reproduction (Andersson 
1994). Males show aggressive behavior, which can limit other males’ choice for available 
females. Various studies report that mosquito fish females show mate preferences. McPeek 
(1992) reported that both postpartum and gravid females prefer larger males. Similarly, 
Bisazza et al. (2001) reported that G. holbrooki females prefer larger males and normally 
pigmented over melanic males. Females also display a strong preference for males with longer 
genitalia in G. holbrooki (Kahn et al. 2009). Moreover, females vary in their sexual 
preferences for male coloration (Bisazza and Pilastro 2000): females from Italy prefer wild-
type (unpigmented) male, while females in Florida prefer melanic males. Although they don’t 
display obvious mate preferences, G. holbrooki males may show a preference for larger 
females (Bisazza et al. 1989). Since body size is positively correlated with female fecundity, 
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larger females produce more offspring per clutch (Reznick 1981). Therefore, males mating 
with larger individuals will have an advantage of fertilizing more eggs. 
Rearing conditions 
We used wild type zebrafish (AB strain) that hatched at the "Centre de Biologie du 
Développement", Université Paul Sabatier, in Toulouse, France. We used feral mosquito fish 
(Gambusia holbrooki) from Lac Lamartine in Toulouse, France. 
All fish were housed in a room with two small windows covered by white plastic board. Water 
was first filtered by Filospun and Cartouche (Veolia). The room was illuminated by two rows 
of fluorescent lightings. Both zebrafish and mosquito fish were housed in separated tanks (60 
cm x 40 cm x 30 cm) and kept as mixed-sex shoals with a constant temperature of 26°C and a 
14:10 h light:dark cycle. All tanks contained a 3 cm gravel layer on the ground and several 
plants. Water in each tank was cleaned by a filter (JBL Filtre CristalProfi e701) and was 
aerated by an air stone. The PH of the water was 7-8. Twenty percent of water in each tank 
was changed once a week. They were fed once a day ad libitum with flake food (Novo Bel, 
JBL), or frozen Artemia. Several days (~7 days) before experiments fish were sexed and kept 
separately under the same conditions in the tanks (60 cm x 40 cm x 30 cm). Experiments were 
performed in the same room (see Figure 1.4). During tests period, tested fish were housed 
separately in single tanks and kept under the same conditions. After experiments all fish were 
released back into their stock tanks. 
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Figure 1.4 Experimental tanks A: Mate-copying experimental tanks/B: Test Maze. 
Goals of my PhD 
The general objective of my thesis was to find a species that display strong mate-copying in 
order to better characterize this social learning behavior and to investigate its potential link 
with boldness as personality trait. We focused on two fish species Danio rerio and Gambusia 
holbrooki as model system. As they sample their environment less actively, shy individuals 
might need longer to assess an available mate’ behavioral type accurately and thus should be 
less certain how to behave. Therefore, we predict that shy female fish would be more likely to 
mate copy when given the opportunity than bold individuals.  
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The aims of the thesis were to:
(i) Test mate-copying in Danio rerio and Gambusia Holbrooki in order to find a new 
fish model with strong mate-copying.  
(ii) To determine the shy-boldness behavioral response of individual female fish and 
study the link between boldness and the use of social learning in mate-copying. 
(iii) Study whether other factors (i.e. male size difference, air pressure) can influence 
mate-copying. 
In chapter 2, I investigated whether zebrafish females show mate-copying during mate choice. 
Then, I tested the repeatability in boldness of zebrafish in the open-field maze in Chapter 3. As 
I did not find mate-copying in the zebrafish, I shifted to mosquito fish (Gambusia holbrooki). 
In Chapter 4, I investigated whether G. holbrooki females perform mate-copying, and whether 
this mate-copying is related to personality trait. Moreover, are there other factors that can 
influence mate-copying? Finally, in Chapter 5, I generally discussed my results. Each chapter 
(Chapter 2, 3, 4) is structured as one paper. Bibliography includes the references of Chapter 1 
and Chapter 5.  
Chapter 2: No evidence for mate-copying in Danio rerio 
33
Chapter 2˖No evidence for mate-copying in 
Danio rerio
This paper was submitted to different journals. It got rejected mainly because it reports a 
negative result. It is now resubmitted to Canadian Journal of Zoology.
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1 CNRS, Université Toulouse III Paul Sabatier, ENFA; UMR5174; EDB (Laboratoire 
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Abstract 
The zebrafish Danio rerio is one of the most important model organisms in genetics and 
developmental biology. However, very little is known about its reproductive behavior and 
about whether and how females build a mating preference. Like most fish species, zebrafish 
females prefer males with larger body sizes. In this study, we tested whether female zebrafish 
use social information to build a mating preference, a behavior called mate-copying. For this 
goal, we provided positive social information for small males. We found no significant 
evidence for mate-copying as females did not change their preference for the small male after 
witnessing the large male alone and the small male interacting with another female. Thus, we 
conclude that mate-copying is probably inexistent or only relatively weak, suggesting that the 
zebrafish is probably not the best model species to study the cognitive mechanisms of mate-
copying in vertebrates. 
Keywords: social information; social learning; mate choice; mate-copying; Danio rerio;
zebrafish 
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Introduction 
The question of parent-offspring resemblance has long fascinated generations of biologists. 
One of the main challenges is to understand the mechanisms that produce such patterns of 
heredity for a large suite of traits including behavioral traits. A general approach is to address 
this issue in model organisms that are easy to handle and in which one has access to a vast 
knowledge together with a panel of genetic tools and experimental set-ups. Among vertebrates, 
the zebrafish, Danio rerio, emerged as a powerful model to study genetics, developmental 
biology, neurophysiology and biomedicine (Dooley and Zon 2000; Eisen 1991; Nüsslein-
Volhard 2012; Streisinger et al. 1981). In particular, the zebrafish has been extensively used to 
study links between genetic and trait variations and, over the years, there has been increasing 
interest in the use of this model organism to understand the genetic basis of various behavioral 
patterns. 
However, only a few studies investigated the reproductive behavior of zebrafish with partly 
contradictory conclusions (reviewed in Spence et al. 2008). A first study based on an analysis 
of offspring genotypes suggested that the opportunity for sexual selection is probably rather 
weak in that species (Spence et al. 2006a). In another study based, this time, on the analysis of 
courtship behavior, the same group concluded that sexual selection in zebrafish is unlikely 
(Spence et al. 2006b). Other studies, however, provide behavioral evidence for mate choice in 
this species (Hutter et al. 2010; Pyron 2003). For instance, it was shown that zebrafish use 
visual information about body shape, stripe patterns and coloration for reproductive and 
shoaling behavior (Engeszer et al. 2004; 2007a; Hutter et al. 2011; Rosenthal and Ryan 2005; 
Ruhl and McRobert 2005; Snekser et al. 2006). Olfactory signals have also been shown to 
play a role in reproduction (Bloom and Perlmutter 1977; Gerlach and Lysiak 2006). Moreover, 
there is some evidence that female zebrafish prefer larger males (Pyron 2003) and allocate 
more eggs to them (Skinner and Watt 2007). Finally, the early social environment of zebrafish 
has been shown to influence shoaling, as individual fish prefer to shoal with fish with 
phenotypes similar to those it was raised with, regardless of their own phenotype (Engeszer et 
al. 2004; Moretz et al. 2007; Spence and Smith 2007). Despite the importance of mate choice 
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for sexual selection and evolution, very little is known about this behavioral pattern in the 
zebrafish, and in particular we have no information on whether and how zebrafish females 
inherit a mating preference. Animals in a wide range of taxa are able to use public information 
(i.e. "potential information that is accessible to all individuals"; Danchin 2010) to evaluate 
prospective mates. One form of social learning in the context of mate choice is mate-copying 
(Danchin et al. 2004; Gibson and Höglund 1992; Wade and Pruett-Jones 1990), which occurs 
when an observer individual (usually a female) uses the mating preferences of conspecifics to 
build their own sexual preference. An observer female has copied the mate choice of their 
conspecifics if it then tends to prefer as a mate the individual male that she saw successfully 
attracting another female (Dugatkin 1992; Losey et al. 1986; Pruett-Jones 1992; reviewed in 
Witte and Nöbel 2011). Mate-copying may also exist for rejection of a potential mate with the 
observer female tending to dislike males that she saw being rejected by other females (Witte 
and Ueding 2003). 
Copying the mate choice of others can be a fast and cheap strategy to gather crucial 
information about potential mate quality that can then be used for mate choice (Westneat et al. 
2000; Witte and Godin 2010; Witte and Nöbel 2011). Mate-copying has been experimentally 
demonstrated in several bird species (Galef and White 1998; Gibson et al. 1991; Höglund et al. 
1995; Kniel et al. 2015; White and Galef 1999); mammals (Eva and Wood 2006; Galef et al. 
2008; Waynforth 2007); Drosophila melanogaster (Loyau et al. 2012; Mery 2009); as well as 
in several species of fish (reviews in Danchin et al. 2004; Witte and Nöbel 2011). In fish, 
studies on mate-copying involved several species raised in laboratories or in the wild, 
including the sailfin molly Poecilia latipinna (Nöbel and Witte 2013; Schlupp et al. 1994; 
Schlupp and Ryan 1997; Witte and Noltemeier 2002; Witte and Ryan 2002), the guppy 
Poecilia reticulata (Amlacher and Dugatkin 2005; Dugatkin 1992, 1998, 2007; Dugatkin and 
Godin 1992, 1993; Vukomanovic and Rodd 2007), the Atlantic molly Poecilia mexicana
(Bierbach et al. 2013), Limia perugiae (Applebaum and Cruz 2000) and the Japanese medaka 
Oryzias latipes (Grant and Green 1996). A major result from these studies is that the influence 
of social information can be strong enough to reverse the natural predisposition with, for 
instance, females copying the apparent mate preference for small males despite an initial 
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preference for larger males (Marler and Ryan 1997), and females maintaining this socially 
learned mate preference for at least five weeks (Witte and Noltemeier 2002). 
Here we report on an experimental study on mate-copying in the zebrafish (Danio rerio). As a 
model organism, it could offer the possibility of studying the neurogenetic mechanisms of 
mate-copying using the battery of genetic and molecular tools available in that species. Such a 
mechanistic approach, however, can only be developed if female zebrafish show a clear-cut 
increase in preference for the usually non-preferred smaller males after witnessing them 
successfully attracting another female, in other words if females show real mate-copying. This 
is why here we investigated whether zebrafish females copy the choice of their conspecifics 
for smaller males using the classical design in fish species. In the wild, zebrafish form small 
shoals of 2 - 30 individuals (Engeszer et al. 2007b; Pritchard et al. 2001; Spence et al. 2006a). 
Thus, they have the opportunity to observe and copy the mate choice of conspecifics. Like in 
most fish species, zebrafish females are visually attracted to large males (Pyron 2003), which 
tend to be more territorial (Spence and Smith, 2005). Skinner and Watt (2007) further showed 
that zebrafish females allocate more eggs towards larger males. In another study, however, 
larger males were shown to receive fewer eggs, but the eggs sired by a large male had a higher 
hatching probability, hatched earlier and the resulting offspring was larger (Uusi-Heikkilä et al. 
2012). 
Methods 
Fish lines and maintenance 
The zebrafish is a diurnal shoaling species that lives in fresh water rivers in India, Bangladesh, 
Pakistan, Nepal and Bhutan (Barman 1991; Engeszer et al. 2007b; McCann et al. 1971).
Zebrafish have dark, bluish-black stripes alternating with light stripes. Zebrafish females and 
males display phenotypic differences but the degree of sexual dimorphism is minimal. Males 
tend to be slender than females, which usually display an enlarged belly where eggs are stored. 
Males tend to show more yellow coloration and darker stripes than females (Laale 1977). 
However, these color and body shape traits are affected by diet, age and strain and thus cannot 
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be reliable enough for gender identification. The most reliable way to distinguish females from 
males is the presence of the urogenital papilla, a small protuberance in front of the genital pore 
that is well developed in females while poorly developed in mature males (Yossa et al. 2013). 
In our study, male and females were identified unambiguously by looking at both the 
phenotypic traits and urogenital papilla. 
We used wild type zebrafish (AB strain) that hatched between 07/2014 and 11/2014 from the 
Centre de Biologie du Développement, Université Paul Sabatier, in Toulouse, France. Fish 
were housed in mixed-sex shoals in tanks (60 cm x 40 cm x 30 cm) with a constant 
temperature of 26 °C and a 14:10 hours light:dark cycle. They were fed twice a day ad libitum
with flake food. Several days (3 - 6 days) before experiments fish were sexed and kept 
separately under the same conditions. 
Ethical note 
All animals were handled in accordance with the guidelines from the European directive on 
the protection of animals used for scientific purposes (2010/63/UE), French Decret 2013-118. 
Fish were raised in a facility certified by the French Ministry of Agriculture (approval ID B-
31-555-10) and MR has received an authorisation to experiment on vertebrates models (N° 
311255556) from the ‘Direction Départementale de la Protection des Populations de la Haute-
Garonne’. All efforts were made to minimize the number of animals used and their suffering, 
according to the guiding principles from the Decret 2013-118. 
Mate-copying experiment 
All the experiments were performed with the classical design used in most fish studies: a large 
test tank (50 cm x 30 cm x 30 cm) and four small stimulus tanks (15 cm x 10 cm x 25 cm) 
with two standing side by side at each smaller side of the large tank (Figure 2.1). A mate-
preference zone (15 cm x 15 cm) was marked in front of the stimulus tanks. The water in the 
tanks was 20 cm deep and had a constant temperature of 26 °C. The backsides of the tanks 
were covered with white plastic to avoid any disturbances from outside. The design 
encompassed a series of steps. 
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Figure 2.1: Top view on the experimental set-up and design of the mate-copying experiment: (A) First 
mate-preference test: the grey fields are the two mate-preference zones. The observer female (black) is in the 
middle of the large test tank and two males (grey), a large (right) and a small (left) are placed diagonally in one of 
the small stimulus tanks at each end of the large test tank. B) Demonstration phase for 10 min. A demonstrator 
female (black) is placed in a separate tank next to the small male (right here). A pseudo-demonstrator female 
(black) is placed in a separate tank next to the large male, but behind a screen (black bar) and thus not visible to 
the observer female. C) Second mate-preference test (similar to the first test). 
First, the observer female was gently placed into the large test tank. A small male and a large 
male were placed each in one of the two small tanks, diagonally from each other to maximize 
distance. Opaque screens (white plastic boards) were inserted between the test tank and the 
four small stimulus tanks to prevent visual contact between the observer female and stimulus 
males. All three fish were allowed to acclimatize for 20 min. 
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Second, the observer female was gently placed in a clear glass square tube (10 cm x 10 cm x 
35 cm) in the middle of the large tank and the opaque screens were removed. All three fish 
were allowed to acclimatize for 10 additional min during which the observer female was able 
to watch the small and large stimulus males. 
Third, the central glass square was removed freeing the observer female, and the time the 
female spent within the mate-preference zone in front of each stimulus male was recorded 
with stopwatches for 10 min (first part of the mate-preference test Figure 2.1A). The time the 
observer female spent within the mate-preference zone of a given male was used as a score of 
male attractiveness. 
Fourth, the opaque screens were inserted and the observer female was placed back into the 
clear glass square in the middle of the large tank. Stimulus males were then switched between 
the two small stimulus tanks to control for potential observer female's side biases and the 
opaque screens were then removed. Then, the observer female had 5 min to observe the 
stimulus males before she was released from the glass square and a second part of the mate-
preference test then lasted for another 10 min. The time spent by the observer female in front 
of a given stimulus male in both parts of the mate-preference test was added for each stimulus 
male separately. The observer female was considered to prefer the stimulus male close to 
which she spent more time during the total of 20-min of the mate-preference test. Proximity as 
a measurement for mate preference is very common in mate-copying experiments as several 
studies could show that the association preference correlates positively with the mating 
probability (e.g. Berglund 1993; Bischoff et al. 1985; Kodric-Brown 1993; Walling et al. 
2010). We removed observer females that were side biased (i.e., that spent more than 90% of 
the time in the same mate-preference zone in both 10-min trials although stimulus males had 
been switched). This is a common criterion in mate-copying experiments (e.g. Witte and 
Noltemeier 2002; Witte and Ueding 2003). 
Fifth, after this two phase first mate-preference test (comprising two 10-min trials), opaque 
screens were inserted and the observer female was placed back into the glass square in the 
middle of the large tank. One demonstrator female was placed next to each male, but only the 
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one close to the small male was visible to the observer female as the one next to the large male 
was hidden to her by an opaque plastic foil placed between her small tank and the central one 
(thick line in Figure 2.1B). To minimize disturbance, all female insertions were performed in 
the presence of another screen separating the lateral small tanks from the central tank. The 
observer female was then given the opportunity to observe a demonstrator female near the 
small male and the large male apparently alone for 10 minutes (Figure 2.1B). After this 10-
min demonstration, screens were inserted again and the demonstrator females removed. 
Sixth, the opaque screens were removed and the observer female was released from the glass 
square starting the second mate-preference test which duplicated the first mate-preference test 
in all aspects (Figure 2.1C). 
After the experiments, male and female body length was measured from the tip of the snout to 
the end of the caudal peduncle to the nearest mm. The demonstrator females used in the same 
test were matched for body length and slightly larger than the observer female. The median of 
male body length difference was 4 mm (1. quartile 3 mm, 3. quartile 4 mm), representing 12 % 
of the body length on average. All fish were used only once. 
Sample sizes 
We tested a total of 59 observer females. Nineteen of them were excluded from the analysis 
because they showed a side bias in the first mate-preference test or did not move at all. The 
median of observer females’ body length was of 22 mm (N = 40, 1. quartile 19.8 mm, 3. 
quartile 26.3 mm). Demonstrator females (N = 40) and pseudo-demonstrator (N = 40) females 
were matched for body length (Mann-Whitney U test: N1 = 40, N2 = 40, U = -0.432, p = 0.666) 
with an average body length of 30.5 mm (1. quartile 28 mm, 3. quartile 32 mm) and 30 mm (1. 
quartile 28 mm, 3. quartile 31.3 mm), respectively. In contrast, male size differed significantly 
(Mann-Whitney U: N1 = 40, N2 = 40, U = -4.868, p < 0.001) between large (N = 40, 29.5 mm, 
1. quartile 28 mm, 3. quartile 32 mm) and small males (N = 40, 26 mm, 1. quartile 24 mm, 3. 
quartile 28 mm). 
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Statistical analysis 
Data analyses were carried out with R version 3.2.2 (R Core Team 2014). All p-values were 
two-tailed (σ = 0.05), and all data were tested for normality with Shapiro-Wilk normality test. 
Descriptive statistics are shown as mean with standard deviation or median with quartiles. 
Since data of standard body length were not normally distributed, we compared the sizes with 
Mann-Whitney U tests. We analyzed the time a female spent in front of stimulus males as the 
response variable, male body length and test order as fixed effects and individual fish as 
random factor with a linear mixed effects model (lmer) and post-hoc paired t-tests. 
Figure 2.2: Results of the female mate-copying experiment. Dark bars represent the mean ± standard deviation 
time spent near the large males. White bars represent the mean ± standard deviation time spent near the small 
males. N = 40. The interaction between stimulus male size and mate-preference test order was non-significant 
(lmer interaction of stimulus male size and test order: N = 40, p = 0.984). The effect of mate-preference test order 
was also non-significant (lmer test order effect: N = 40, p = 0.348), but that of stimulus male size was highly 
significant (N = 40, p = 0.0008; see text). 
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Results 
When modeling time spent close to a stimulus male as a function of the stimulus male size 
(large versus small male) and the mate-preference test order (before versus after 
demonstration), we found that the interaction between these two effects was non-significant 
(lmer interaction of stimulus male size and test order: N = 40, p = 0.984, Figure 2.2) When 
reducing the model, we found no significant effect of mate-preference test order on the mean 
time spent by observer females close to them (lmer test order effect: N = 40, p = 0.348), and a 
strong effect of the stimulus male size on the time spent close to a given male (lmer stimulus 
male size effect: N = 40, p = 0.0008, Figure 2.2). Observer females spent significantly more 
time close to the big than the small males (first mate-preference test, observer females spent 
on average 368.1 s ± 166.7 s in the mate-preference zone of the large males versus 297.1 s ± 
140.6 s in the mate-preference zone of the small males; second mate-preference test; observer 
females spent on average 348.5 s ± 128.64 s close to large males versus 276.6 s ± 95.4 s close 
to small males). The non-significance of the mate-preference test order effect suggests that, 
contrary to the prediction of mate-copying, observer females showed similar preferences for 
large males over small males in both mate-preference tests. There was neither a significant 
increase nor a significant decrease in time spent in the mate-preference zone of small (paired t-
test: N = 40, t = 0.816, p = 0.420) or large males (paired t-test: N = 40, t = 0.636, p = 0.528) 
between the two mate-preference tests. 
Discussion 
Despite of the improvements (see next paragraph) of the usual protocol (Schlupp et al. 1994; 
Witte and Ryan 1998) for mate-copying in fish, we found no clear evidence for mate choice 
copying in female zebrafish as observer females did not show any increase in the time spent 
close to the small males after witnessing them interacting with another female. Females 
preferred larger males, as already reported (Pyron 2003), in both the first and second mate-
preference test, respectively before and after the observer female received positive social 
information about the small male and negative about the large male. We did not detect any 
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statistical difference in their preference for big males between the first and second mate-
preference tests in spite of a reasonably high sample size. Thus, we did not find any evidence 
for copying the preference for smaller males in the female zebrafish.  
Experimental design 
We used the same set-up and nearly the same protocol as Schlupp et al. (1994) and Witte and 
Ryan (1998). These previous studies used the first mate-preference test to decide with which 
male to put the apparent demonstrator female putting her near the male close to which the 
observer female spent the shortest amount of time during the first mate-preference test. As this 
protocol does not respect the general rule of attributing individuals randomly to the treatments, 
we decided a priori, as other authors (for instance Kniel et al. 2015), to show the demonstrator 
female next to the small male in all cases as in that species females have been shown to prefer 
bigger males (Pyron 2003). We believe that this change in the experimental set-up avoids the 
pervasive and subtle biases of the ‘Regression to the Mean’ (or RTM) fallacy that was first 
described by Galton (1886) and that kept on being rediscovered since (Stigler 1999). Other 
protocols may generate artificially inflated mate-copying indexes, just because the observer 
females having by chance spent a long time close to one male in the first mate-preference test 
are statistically more likely to spend less time close to that male just by chance as average 
values are more common than extreme values. This change made our protocol immune to the 
RTM (Kelly and Price 2005, see simulation studies in a different context in Danchin et al. 
2014).
Absence of a control 
We did not perform a control in which we analyze the behavior of the observer female without 
any information about the two males during the demonstration (without any demonstrator 
female). Such a control would have been necessary to demonstrate that females do increase 
their preference for small males in the second mate-preference test because of the information 
provided during the demonstration and not for other reasons such as, for instance, the fact that 
they might have changed their mind and gone for the other male because at the first mate-
preference test they did not manage to reach their preferred male. However, in the absence of 
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any change in female preferences after gathering social information about males, we assumed 
that this control was not necessary as the most likely interpretation is that female zebrafish do 
not show any mate-copying behavior. A second possible interpretation is that females in 
controls would have naturally increased their preference for the large males in the second test, 
and that this increase would have been exactly compensated by the mate-copying behavior so 
that in the end females showed the same mate-preference for large males in the second mate-
preference test as in the first one, as if they had totally ignored the information provided to 
them during demonstrations. 
We clearly favor the first interpretation, as the second one would imply a particularly involved 
scenario that, even though being plausible, is certainly not the most likely and parsimonious 
one. In any case, as our goal was to test whether the zebrafish constitutes a good model 
species to study mate-copying, it appears that both interpretations lead to the same conclusion 
that the zebrafish is not the best species to study mate-copying. 
Our results clearly show that there is neither a significant increase nor a significant decrease in 
time spent in front of small or large males between the two mate-preference tests. Thus, if 
females are influenced by public information about male success in that species, this influence 
must be rather low, suggesting that the zebrafish is probably not the best model species to 
study the cognitive mechanisms of mate-copying in vertebrates. 
Mate-copying index 
As in previous studies in fish (e.g. Amlacher and Dugatkin 2005; Dugatkin 1992, 1998, 2007; 
Dugatkin and Godin 1992, 1993; Nöbel and Witte 2013; Schlupp et al. 1994; Schlupp and 
Ryan 1997; Vukomanovic and Rodd 2007; Witte and Noltemeier 2002; Witte and Ryan 1998, 
2002) we used the amount of time a female spends close to a given male as a criterion of 
sexual preference. Every time that assumption was tested in previous studies authors found 
that the time spent close to a given male is a good predictor of the females' willingness to 
actually mate with that male (Poecilia reticulata: Bischoff et al. 1985; Kodric-Brown 1993; 
Syngnathus typhle: Berglund 1993; Xiphophorus helleri: Walling et al. 2010). The same 
assumption is made in the vast majority of species in all other taxa (Aspbury and Basolo 2002; 
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Clayton 1990; Drickamer et al. 2000), and again, every time that it was tested, studies reported 
that the time spent close to a male is a good predictor of mating preference (Berglund 1993; 
Bischoff et al. 1985; Kodric-Brown 1993; Walling et al. 2010). With thus adopted the same 
convention, without testing the correlation between time spent close to a male and actual 
mating preference as our study was essentially exploratory. 
The reasons of the potential lack of mate-copying in zebrafish 
The lack of evidence for mate-copying in that social species is rather surprising. One 
explanation is that our strain of zebrafish (AB) needs more time to learn socially and that 
another strain or fish from the wild learn faster. In other species the use of 10 minute 
demonstrations was sufficient to elicit detectable change in mate-preference (Witte and Ryan 
1998); however, this demonstration period might have been too short in our trial if zebrafish 
are ‘slow’ social learners. Another explanation might be that the proximity of the demonstrator 
female to the small male was not an appropriate stimulus to influence mate choice. Perhaps 
zebrafish females need real courtship and/or copulation as cues to copy the choice of other 
females. Although previous mate-copying evidence in fish also did not involve actual 
copulation or courtship, experiments in the Japanese quail bird (Coturnix coturnix japonica)
suggested that copulation is sufficient to elicit mate-copying in that species. Bierbach et al. 
(2011) showed that Poecilia mexicana males seem to adjust their copying behavior 
strategically to the perceived risk of sperm competition. Atlantic molly males copy other 
male's mate-choice decisions as their preference for a given female can be reverted if the male 
was given the opportunity to observe a previously non-preferred female associated with a 
model male; however, this copying behavior was much weaker when sexual interactions 
occurred between the model male and the formerly non-preferred female (Bierbach et al. 
2011). Similarly, from a female perspective, mating with a male that already mated might be 
perceived as a risk of sperm depletion. In agreement with this hypothesis, D. melanogaster
females avoid males immediately after seeing them copulating, but tend to prefer these males 
after 24 hours, a delay sufficient for them to rebuild their sperm stocks (Loyau et al. 2012). 
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Thus, there might be a possibility that some of our zebrafish females accounted for such risks 
of sperm depletion. 
Alternatively, male size might not play a major role in zebrafish, implying that we did not 
manipulate the right trait. This would also explain inconsistent results in that species. Pyron 
(2003) provided evidence for female preference for large males, while Hutter et al. (2010) 
found no influence of male body size on female preferences. This suggests that, although 
existing, the preference for large males might not be a major determinant for female mating 
preference in that species. 
Furthermore, female preferences for males with larger body size are expected in species with 
mating systems in which males provide resources (e.g. guard territories or eggs; Andersson 
1994), which is not the case of male zebrafish. Male zebrafish are aggressive and females may 
cue on aggressiveness or dominance more than on size (Qvarnström and Forsgren 1998), a 
possibility that was prevented in our set-up, as males could not interact directly with each 
other. Thus, although in many other fish species our design is efficient at demonstrating mate-
copying, it might be that in the zebrafish the social information that females got was not strong 
enough to change their mate preference. Our experimental design may have also prevented the 
use of other major cues for mate choice in that species. Although zebrafish have been shown 
to learn and discriminate visually in various contexts (Engeszer et al. 2004; Hutter et al. 2011; 
Rosenthal and Ryan 2005), several studies also reported a major role of olfactory cues in 
reproduction (Bloom and Perlmutter 1977; Gerlach and Lysiak 2006). These cues were 
excluded in our set-up because males and females were in separate tanks during the 
experiments and water was not mixed. Thus, in order to investigate further the impact of mate-
copying in zebrafish, it might be necessary to characterize other determinants than body size 
potentially influencing mate preferences in zebrafish. Finally, it might also be that natural 
zebrafish populations possess the capacity to mate-copying, and that laboratory strains have 
lost it. 
We believe that it is important to accumulate results on various species to understand the 
ecological correlates of mate-copying versus non-mate-copying species. In the present study, 
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we did not detect clear evidence for mate-copying in the zebrafish despite our using of a 
robust set-up in fish. At this stage, our conclusion is that the zebrafish is unlikely to be the best 
model species to study mate-copying in vertebrates. 
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Abstract 
Variation in personality among non-human animals has been documented in a wide range of 
taxa including a variety of fish species. The most documented axis of personality is the shy-
boldness axis. A major characteristic of personality lies in its repeatability. Here, we report on 
a study of the repeatability in boldness of zebrafish. We tested zebrafish females five times in 
the same open-field maze with a delay of two weeks between tests. In the first test, we found a 
clear distribution of the individuals along the shy-boldness axis, but the number of fish that 
reached the last chamber within 10 min decreased from test. As a consequence, we were not 
able to detect any repeatability of individual behavior across these tests. We discuss several 
methodological aspects that can explain this result and provide some general methodological 
recommendations for future tests of personality in fish. 
Keywords: personality; repeatability; boldness; shyness; zebrafish 
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Introduction 
Many studies in evolutionary ecology ignore individual differences by focusing on traits 
averaged at the population scale (Slater 1981; Mather 1998). On the other hand, behavioral 
ecology underlines the importance of individual differences on the dynamics of populations 
(Møller and Danchin 2008). Therefore, research in the area of individual differences among 
non-human animals has risen in a wide range of taxa. In particular, individual animal's 
behavior can differ consistently across time and context (Dall et al. 2004; Bell et al. 2009; 
Toms and Echevarria 2014), which is now recognized as reflecting distinct life-history 
strategies (Koolhaas et al. 1999), behavioral syndromes (Sih and Bell 2008; Conrad et al. 2011) 
and personality traits (Gosling and John 1999; Gosling 2001). Personality traits can influence 
mate selection, social dynamics, intraspecific relationships, and other aspects of an 
individual’s life and interaction with its environment, with potentially profound effects on 
fitness (Smith and Blumstein 2008). In this framework, several fish species are increasingly 
used as model organisms to uncover individual behavior and personality traits (Toms et al. 
2010). The importance of exploring individual differences and personality traits in fish has 
been shown to have implications across a wide range of fields, including neurosciences 
(Maximino et al. 2010; Johansen et al. 2012), performance traits (Øverli et al. 2007; Martins et 
al. 2011), behavioral ecology and evolution (Mather 1998; Budaev and Zworykin 2002; Juette 
et al. 2014).
The shy-boldness axis is a major axis of behavioral variation (Gosling 2001; Sih et al. 2004; 
Dingemanse and Réale 2005; Groothuis and Carere 2005; Réale et al. 2007) and is categorized 
under the empirical indices of introversion and extroversion in humans and has been 
considered by psychologists as one of the more distinctive, heritable and stable sources of 
behavioral variation (Coleman and Wilson 1998). Boldness can be defined as the “propensity 
to move through and explore unfamiliar space” (Fraser et al. 2001), which is similar to Wilson 
et al.’s (1994) definition that a fish is considered bold when it is active in a novel environment 
(presumably explores it) rather than responding by retreating or freezing (indicative of shyness; 
(Budaev 1997)). Individual differences along a shy-boldness axis may profoundly affect many 
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life-cycle traits, including courtship, foraging, feeding and competition, adjusting to 
environmental changes, as well as extracting information from the environment (Biro and 
Stamps 2008; Harcourt et al. 2009; Réale et al. 2009; Harcourt et al. 2010; Krause et al. 2010; 
Colléter and Brown 2011; Dahlbom et al. 2011; Ariyomo and Watt 2012). Shy individuals 
often respond to unfamiliar situations by fleeing, retreating, becoming cautious, quiet or 
inactive, while bold individuals react in the opposite way to the same situations by moving 
towards, becoming active and explorative (Wilson et al. 1993). As a consequence, bold 
individuals are more aggressive and often become dominant over shy individuals (Dahlbom et 
al. 2011). 
Thus, while behavior is strongly situation specific, individual differences are often highly 
consistent across individuals (Budaev and Zworykin 2002), a characteristic that is part of the 
definition of personality traits (Toms et al. 2010). In many studies, fish behave consistently 
when tested repeatedly over time and across situations (Brick and Jakobsson 2002; Ward et al. 
2004; Brown et al. 2007; Wilson and Godin 2009), although this was not always the case 
(Coleman and Wilson 1998; Wilson and Stevens 2005; Dingemanse et al. 2007). For instance, 
Wilson et al. (1993) found that behavioral differences between bold and shy individuals persist 
over at least a 30-day field-experimental period in pumpkinseed sunfish. However, other 
studies measuring boldness repeatedly in more than one context, found no consistency across 
time (Toms and Echevarria 2014). 
The zebrafish (Danio rerio) constitutes an a priori good model organism to uncover the 
molecular genetic mechanisms of personality (Guo 2004). However, despite having been 
broadly used in developmental and biomedical biology for several decades, behavioral 
paradigms for this model have only been developed more recently (Blaser and Gerlai 2006; 
Gerlai et al. 2006; Kalueff et al. 2013). Boldness and aggressiveness are two of the behavioral 
personality types commonly explored in zebrafish (Wright et al. 2003; Dahlbom et al. 2011; 
Wisenden et al. 2011; Ariyomo and Watt 2012; Oswald et al. 2012; Ariyomo et al. 2013), 
where it was shown to be linked to reproductive success. For instance, aggressive males 
defend territories and prevent subordinate males from accessing spawning sites and females 
Chapter 3: Testing the repeatability of boldness in Danio rerio
57
(Gerlai et al. 2000; Spence et al. 2008), leading bolder and more aggressive males to sire more 
eggs (Ariyomo and Watt 2012). Moreover, there is evidence for genetically-based differences 
in boldness in zebrafish (Wright et al. 2003), as artificial selection for boldness and high 
exploratory behavior (e.g. high locomotor activity) produced distinct lines (Wisenden et al. 
2011; Oswald et al. 2013) revealing a high degree of heritability for these traits (Ariyomo et al. 
2013). Furthermore, boldness and activity (Moretz et al. 2007), as well as boldness and 
exploration (Wisenden et al. 2011) appear correlated in zebrafish. 
Boldness is often measured as locomotor activity in response to a novel environment (e.g. 
open-field) or a predator, or as time swimming near a novel object (Wright et al. 2003). 
Therefore novelty might be a key for investigating boldness. Here, we use a test maze to 
measure boldness in zebrafish females. Each individual was tested five times in the same test 
maze with a delay of two weeks to determine whether the boldness of zebrafish to the same 
situation remained consistent a period of 8 weeks. 
Methods 
Study species 
The zebrafish (family Cyprinidae) is a diurnal shoaling freshwater fish from rivers in India, 
Bangladesh and Pakistan (Spence et al. 2006; Engeszer et al. 2007b). Zebrafish have dark, 
bluish-black stripes alternating with light stripes that give them their name. Females and males 
display slight phenotypic differences but the degree of sexual dimorphism is low. Females 
displayed an enlarged belly where eggs are stored, and males tend to be slender. Males have 
more yellow coloration and darker stripes than females (Laale 1977; Lawrence et al. 2008).
However, these color and body shape traits are affected by diet, age and strain and are not 
reliable enough for gender identification. The most reliable way to distinguish females from 
males is the presence of the urogenital papilla, a small protuberance in front of the genital pore 
that is well developed in mature females but not in mature males (Yossa et al. 2013). In our 
study, male and females were identified unambiguously by looking at both the phenotypic 
traits and the urogenital papilla. 
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For our experiments, we tested wild type zebrafish of the AB strain. We tested 11 female 
zebrafish hatched on 30/04/2014 (group 1) and 14 female zebrafish hatched on 04/02/2014 
(group 2) from the "Centre de Biologie du Développement", Université Paul Sabatier, in 
Toulouse, France. 
Fish were housed in mixed-sex shoals in tanks (60 cm x 40 cm x 30 cm) with a constant 
temperature of 26 °C and a 14:10 h light:dark cycle. They were fed once a day in the evening 
ad libitum with flake food (JBL Novo GranoMix mini). Several days before experiments fish 
were sexed and kept separately under the same conditions. Individual housing units were side 
by side, providing visual contact to reduce potential stress due to separation. None of the 
methods involved any regulated procedures and so ethical approval was not needed for the 
experiments. Fish were returned to the stock tanks once all the trials had been completed. 
Test maze 
All experiments were performed in a test maze set-up: a test tank separated in 5 chambers by 4 
dark grey plastic boards (Figure 3.1). Each plastic board had an opening in the middle at the 
bottom of each plastic board that allowed fish to swim from one chamber to the next. The four 
sides around the test tank were covered with opaque foil to avoid any disturbances from 
outside. The water in the tanks was 10 cm deep and had a constant temperature of 26 °C. We 
measure boldness as exploratory behavior in that test maze. In total we tested 25 females. 
First, a female was gently placed into chamber 1. Then, we recorded the time until the female 
reached chamber 5 and the number of holes the female passed through to calculate a 
personality index (time to reach the last chamber / highest number of chamber). Each 
experiment lasted a maximum of 10 min. We repeated this experiment five times with each 
fish with a delay of two weeks between the tests to look for consistency in female behavior 
across time. 
Chapter 3: Testing the repeatability of boldness in Danio rerio
59
Figure 3.1: Top view on the experimental test maze: The tank (30 cm x 20 cm x 20 cm) was separated in 5 
chambers (chamber 3: 10 cm x 20 cm; the other four chambers: 10 cm x 10 cm) by 4 dark grey plastic boards, 
each with an opening (2 cm diameter) at the bottom of each plastic board to females to explore all chambers. The 
test female was gently placed into chamber 1 at the beginning of the test. 
Statistical analysis 
Data analyses were carried out with R 3.2.2 (R Core Team 2014). All p-values were two-tailed 
(σ = 0.05), and all data were tested for normality with a Shapiro-Wilk normality test. 
Descriptive statistics are shown as mean with standard error. We defined two indices of 
exploratory behavior: (i) total time taken to reach the last chamber and/or a personality index 
defined as (time to reach the last chamber) / (highest number of chamber). We analyzed them 
as a function of the group and test order as fixed effects and individual fish as random factor 
with a linear mixed effects model (lmer) or as a function of the test-rank. 
Results 
The group effect was never significant in our analyses of boldness (Figure 3.2, 3.3, 3.4). We 
thus always analyzed them as a single data set. We found a strong effect of the test-rank 
(p<0.001). Whatever the index of personality used (personality index, time to reach the last 
chamber of the test maze, each either used as a quantitative variable or as a rank effect), we 
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found a significant effect of the test rank (lmer: test-rank (time), N = 25, p < 0.001; lmer: test-
rank (personality index), N = 25, p < 0.001). 
Figure 3.2: Individual differences in time to reach the end chamber in the 5 different tests for the two 
groups. Within group colours represent individual fish and the same colour was used once in every group for two 
different fish. Females were tested 5 times, but after test 3 most fish did not reach the last chamber, so that most 
curves appear confounded. 
In the first test, we found a clear distribution of the individuals along what we can interpret as 
the shy-boldness axis with most fish reaching the fifth chamber of the maze within the 10 
minute personality test (Figure 3.2). However, the number of fish reaching the fifth chamber 
within 10 min decreased from test to test (1. Test: 22 individuals reached the last chamber, 3 
individuals did not; 5. Test: 8 individuals reached the last chamber, 17 individuals did not). As 
consequence, the mean time to reach to the last chamber increased across tests (Figure 3.4; 
lmer: test order, N = 25, p < 0.001; 1. test: 284.8 s ± 34.1 s, 5. test: 542.2 s ± 21.5 s 
remembering that the maximum possible time in that test was 600 seconds). Concerning 
repeatability, we found significant correlations between the time to reach the last chamber in 
test 1 and test 3, between test 3 and 4, test 4 and test 5 (see table 3.1; please note that in test 4 
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and 5 only a few fish reached the last chamber). Using the personality index instead of time to 
reach the last chamber is more discriminatory, especially in the fourth and fifth tests (see 
Figure 3.3), but the analyses lead to the same conclusion. 
Table 3.1: Repeatability based on time to reach the last chamber in seconds. Bold are 
significant values. 
Test 1 Test 2 Test 3 Test 4 Test 5
Test 1 - p = 0.219 p = 0.049 p = 0.053 p = 0.521
Test 2 - p = 0.134 p = 0.145 p = 0.118
Test 3 - p = 0.002 p = 0.013
Test 4 - p = 0.005
Test 5 -
Figure 3.3: Individual differences in the personality index in the 5 different tests for the two groups. Within 
group colors represent individual fish and the same color was used once in every group for two different fish. All 
fish were tested 5 times, but after test 3 most fish moved less in the maze. 
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Figure 3.4: Mean personality measurements according to test order. A) Mean time to reach the end chamber 
in the 5 consecutive tests for both groups. B) Mean personality index calculated as time to reach the end chamber 
divided by the highest number of chamber reached for both groups in 5 consecutive tests. Higher values indicate 
higher shyness. 
Discussion 
The aim of our study was to determine whether boldness of zebrafish females was consistent 
across a series of five identical tests separated by a delay of 2 weeks between. We used the 
time to reach the last chamber of a maze with five chambers as a measure of personality, as 
well as a personality index, which also took into account the activity of each individual. Both 
measurements lead to similar conclusions. In the first test, we found a clear distribution of the 
individuals along the shy-boldness axis, but from test to test less and less fish reached the last 
chamber of the test maze within 10 min. 
Several studies demonstrated a correlation between activity and boldness (Fraser et al. 2001; 
Dingemanse et al. 2007; Moretz et al. 2007) and boldness and exploratory behavior (Wisenden 
et al. 2011). Thus, we used the time to reach the end chamber to rank females along the shy-
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boldness axis. We expected bolder females in the first test to remain so across the following 
tests. However, we were hampered in testing that prediction by the fact that individual fish 
moved less and less across repeated tests with most fish never reaching the last chamber once 
they had already been tested in the same maze. As a consequence, we were not able to 
properly test repeatability. Two factors may explain our non-detection of repeatability. 
First, Learning might have been involved. We found that females moved less across tests so 
that the behavior in the first test was not a good predictor for the behavior in following tests. 
This is contrary to a study by (Tran and Gerlai 2013) who found a consistent activity level 
over a period of 7 consecutive days. In that experiment travelled distances decreased from day 
to day, but the group of bold individuals always travelled a longer distance than the group of 
intermediate or shy individuals (there testing period was only of 1 week). Toms et al. (2010) 
suggested that hunger levels may influence personality traits and hungry fish are bolder and 
more likely to taking risk. In our study fish were fed each evening ad libitum to reduce 
behavioral bias in hunger level. On the other hand, the use of a novel object test to measure 
exploratory behavior in the gilthead seabream (Sparus aurata) failed to show repeatability in 
behavioral responses either (Castanheira et al. 2013) in two tests separated by 14 days. One 
explanation for the non-repeatability in our personality tests might be that the tested 
individuals learned the test maze and became less responsive (Martin and Réale 2008). A 
major problem of repeated personality measurements is thus biases due to learning and 
habituation. A solution could be to change the organization of the maze between the tests to 
create new situations in each test or to use a sequence of different tests all revealing 
components of personality. 
Second, as in the majority of personality studies we used the relatively short test period of 10 
min. Most open-field experiments on mature individuals can produce useful data within a 
short time, e.g. 5 min in zebrafish (Moretz et al. 2007) or 10 min (Verbeek et al. 1994; 
Armitage and Van Vuren 2003; Brown et al. 2007; Dingemanse et al. 2007). Thus, when 
measuring repeatability, we suggest extending the test to 30 min in order to better separate the 
various levels of boldness by giving them more time to reach the end chamber. This, we 
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suspect would allow one to better detect in individual variation in behavior leading to a better 
measurement of repeatability. 
Although it’s become common practice to study animal behavior, there are still lots of 
variations in methodologies used to assess personality traits. By definition personality traits 
should be consistent over time, but repeated measurements of the same test raise constraints 
that are difficult to overcome. Sih et al. (2004) suggested investigating personality in different 
situations. Therefore, we suggest using a series of different tests to determine personality that 
slightly vary the tasks between repeated measurements, and or extending the test period to 
better distinguish the various levels of boldness. 
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Chapter 4˖Mate-copying in the Eastern 
mosquito fish Gambusia holbrooki
Complementary data is still being acquired. This paper is intended to be submitted to a high 
standard journal of behavioural biology, or to Proceedings of the Royal Society of London,
depending on the quality of the results. 
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Abstract 
Using social information can be a good strategy to assess the quality of potential mates by 
observing conspecifics during sexual interactions. Mate-copying is such a socially determined 
mate-choice strategy. During mate-copying an individual observes a sexual interaction 
between two heterosexual conspecifics and this observation influences the mate choice of the 
observing individual. Up to now, there is strong evidence of mate-copying in Poeciliids. Here 
we investigate whether Gambusia holbrooki females rely on social information in mate 
choice, thus performing mate-copying, and whether this mate-copying is related to personality. 
On the basis of all the above considerations, we hypothesized that bold individuals are much 
less likely than shy individuals to using social information in mate choice. We tested G. 
holbrooki females in a standard mate-copying experiment and performed afterwards a 
personality test in a maze. We found no evidence of mate-copying in bold individuals, but 
found strong evidence for mate-copying in shy individuals. In shy individuals, the curve of the 
mate-copying index was bell shaped indicating that shy individuals copied the choice of other 
females mainly when the size difference between stimulus males was intermediate between 
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0% and 30% with a maximum of mate-copying between 10% and 25%. The air pressure 
during the demonstration phase also seemed to affect mate-copying and females were more 
likely to copy when the air pressure was high. The importance of these mate-copying abilities 
in the field, and their potential impact on mosquito fish evolution, need to be further evaluated. 
Keywords: social learning, mate-copying, personality, air pressure, mosquito fish, Gambusia
Introduction
In order to make appropriate decision when choosing a mate, for instance, animals have to 
search for and use information. An individual can acquire personal information from its own 
appreciation through observing and exploring its environment, or extract social information by 
learning from other individual’s behavior. Personal information is typically considered as a 
more reliable source of information compared to social information, but personal information 
is costly to acquire given that personal exploration of the environment not only requires time 
and energy but also increases exposure to predation and depends on an individual’s 
personality (Wilson et al. 1994; Kendal et al. 2005; Galef 2009). Thus, theory predicts that, for 
social learning to be adaptive, individuals should weigh the importance of personal versus 
social information according to circumstances (see reviews by Laland 2004; Kendal et al. 
2005; Galef 2009). Some of the circumstances in which animals should particularly benefit 
from increasing their reliance on social information are when they are uncertain as how to 
behave, either because previously collected information is ambiguous or no longer valid 
(Laland 2004; Galef 2009) or when cost of personal information gathering are prohibitive as 
when, for instance, choosing commodities (ie mates and a site) for reproduction (Boulinier et 
al. 2008). However, , individuals generally differ consistently in their tendency to weigh one 
source of information against the other (Marchetti and Drent 2000; Drullion and Dubois 2008),
which suggests that an individual’s tendency to use social information probably depends on 
intrinsic characteristics (Webster and Laland 2011) that can differ consistently between 
individuals (Rosa et al. 2012). As a consequence, we expect individual differences in the use 
of social information to be related to how individuals sample their environment.  
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Variation in personality involves traits that are highly consistent across time and/or context 
within individuals (Budaev and Zworykin 2002; Toms et al. 2010). One of the most studied 
personality traits is boldness, which is a major axis of behavioral variation (Gosling 2001; Sih 
et al. 2004; Dingemanse and Réale 2005; Groothuis and Carere 2005; Réale et al. 2007).
Boldness can be defined as the “propensity to move through and explore unfamiliar space” 
(Fraser et al. 2001), which is similar to Wilson et al.’s (1994) definition that a fish is 
considered bold when it is more likely to take risks and is active in a novel environment 
(presumably exploring it) rather than responding by retreating or freezing (indicative of 
shyness (Budaev 1997). On the other hand, shy individuals often respond to unfamiliar 
situations by fleeing, retreating, becoming cautious, quiet or inactive (Wilson et al. 1993). As 
a consequence, bold individuals are more aggressive and often become dominant over shy 
individuals (Dahlbom et al. 2011). Individual differences along the bold-shy axis may 
profoundly affect many life-history traits, including courtship, foraging, feeding and 
competition, adjusting to environmental changes, as well as extracting information from the 
environment (Biro and Stamps 2008; Harcourt et al. 2009; Réale et al. 2009; Harcourt et al. 
2010; Krause et al. 2010; Colléter and Brown 2011; Dahlbom et al. 2011; Ariyomo and Watt 
2012).  
One major decision an individual has to make its mate choice, and the use of social 
information to evaluate prospective mates is widespread in animals (Danchin and Wagner 
2010). One form of social information use in mate choice is mate-copying (Wade and Pruett-
Jones 1990; Gibson and Höglund 1992; Danchin et al. 2004), which occurs when a an 
observer individual (usually a female) alters its mating preference in favor of the mates they 
have observed mating with other conspecifics (Losey et al. 1986; Dugatkin 1992); reviewed in 
Witte and Nöbel 2011). Copying the mate choice of others can be a fast and cheap strategy to 
gather crucial information about potential mate quality that can then be used for mate choice 
(Westneat et al. 2000; Witte and Nöbel 2011). Mate-copying has in effect been experimentally 
demonstrated in several species of birds (Gibson et al. 1991; Höglund et al. 1995; Galef and 
White 1998; Kniel et al. 2015), mammals (Eva and Wood 2006; Waynforth 2007; Galef et al. 
2008), and fish (reviewed in Witte and Nöbel, 2011), as well as in one insect (Drosophila 
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melanogaster Mery et al. 2009; Loyau et al. 2012). In fish, most studies on mate-copying 
focus on species of the family Poecilia (Poeciliidae), including the sailfin molly Poecilia 
latipinna , the guppy Poecilia reticulata (Dugatkin 1992, 1998, 2007; Dugatkin and Godin 
1992, 1993; Amlacher and Dugatkin 2005; Vukomanovic and Ross 2007) and the Atlantic 
molly Poecilia mexicana (Bierbach et al. 2013). 
Pruett-Jones (1992) demonstrated in a game-theoretical model that the adaptive significance of 
mate-copying depends on the ratio of costs to benefits of independent mate choice. Gibson and 
Höglund (1992) proposed two important benefits resulting from copying. Copying can 
increase the accuracy of mate assessment and reduce the costs of mate choice. Increasing the 
accuracy of mate assessment through mate-copying (Losey et al. 1986) is especially valid for 
females, when it is not easy to distinguish between mates or when there is a conflict between 
and personal information. For example, sailfin molly females copy the choice of others when 
both males presented in a test are similar in color and body size (Witte and Ryan 1998; Witte 
and Massmann 2003). Females do not copy the choice for a smaller male when both males 
presented in a test differed in size. In the latter case, females prefer the larger of two males, 
even a model female placed next to the smaller male (Witte and Ryan 1998). In case conflict 
between social and personal information the female next to the small male (Schlupp et al. 
1994; Witte and Noltemeier 2002). In general, females seem to be more likely to copy when 
they are uncertain in their mating strategy and their ability to copy might be linked to their 
personality as this parameter should influence their ability to gain personal information. 
However, the link between personality and mate choice or fitness is not well documented. 
Finally, the ability to use of social information is known to be influenced by environmental 
factors. Among them, climatic variation has been shown to influence animal behavior 
(mammals (Paige 1995); birds (Breuner et al. 2013; Metcalfe et al. 2013);  fish (Heupel et al. 
2003); insects; Dagaeff et al. submitted). Weather condition is expected to influence animal 
behavior as it can profoundly affect fitness Monitoring changes in air pressure is a way to 
predict a change in weather: good weather is usually associated with high air pressure, 
whereas rain mostly occurs in low air pressure conditions (Ahrens 2012). A rapid drop in air 
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pressure indicates the upcoming of a storm or heavy winds (Ahrens 2012). Atmospheric 
pressure has been shown to have an impact on mating behavior in Drosophila (Ankney 1984; 
Pellegrino et al. 2013; Austin et al. 2014). Fish can monitor changes in water pressure with 
their lateral line organs, but the effects of air pressure on fish behavior, especially mating, 
have never been investigated in fish yet. 
Here we studied mate-copying in G. holbrooki in relation to 1) personality, 2) air pressure and 
3) the amplitude in size difference between the males used in the experiments. The eastern 
mosquito fish (Gambusia holbrooki) are small live-bearing freshwater fish native to tropical 
and subtropical America that were introduced to rivers worldwide since the early 1900’s to 
control for mosquito larvae (Rauchenberger 1989). As it became an invasive pest in most of 
the temperate regions (reviewed in Pyke 2005), it has been intensively studied. For instance, 
Gambusia’s personality has been studied to predict dispersal and colonization behavior (Cote 
et al. 2010; Cote et al. 2011; Cote et al. 2012). In the western mosquito fish Gambusia affinis,
the sister species of G. holbrooki, there is a stable positive correlation between sociability, 
boldness, activity and exploration (Cote et al. 2010). In general, bold individuals disperse 
further (Cote et al. 2010, 2011) and switch more often among schools, while shyer individuals 
spend more time in the same school (Cote et al. 2012) and thus, have more opportunities for 
social learning. Up to now, little is known about the link between personality and mate choice 
or fitness. Here we investigate whether G. holbrooki females rely on social information in 
mate choice, thus performing mate-copying, and whether this mate-copying is related to 
personality. On the basis of all the above considerations, we hypothesized that bold 




The eastern mosquito fish (Gambusia holbrooki) is a Poeciliidae where sexes do not differ in 
color, but differ in average body size with females being typically larger than males. Males 
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may also differ in body length: males born early in the breeding season mature rapidly and 
have a smaller body size, while males born later in the breeding season display a delay in 
maturation and achieved larger size in the following season (Hughes 1985). Males develop an 
intromittent sexual organ (gonopodium) that is derived from modifications of the anal fin. In 
mosquito fish, males do not court females and all copulations are achieved through gonopodial 
thrusting (McPeek 1992; Bisazza 1993). Such thrusts involve a male approaching a female 
from behind and trying to insert the gonopodium into her genital pore. Females can resist 
mating attempts by fleeing, changing orientation or lying against an object. In this way they 
are able to influence the outcome of these attempts and exert some control over the paternity 
of their offspring. When having the choice, females prefer larger males (Bisazza and Marin 
1991; McPeek 1992; Bisazza et al. 2001) possibly because larger males monopolize the 
females and harass them less (McPeek 1992; Dadda et al. 2005). Gambusia is often found in 
mixed-sex aggregations or in schools (Bisazza and Marin 1991), which provide them with 
opportunities for social learning. 
Fish maintenance 
We used mature mosquito fish caught in summer 2015 from Lac Lamartine close to Toulouse, 
France. Fish were housed in mixed-sex shoals in tanks (60 cm x 40 cm x 30 cm) with a 
constant temperature of 26 °C and a 14:10 hours light:dark cycle. They were fed twice a day 
ad libitum with flake food (TetraMin) or frozen Daphnia. Several days (~7 days) before 
experiments, started fish were sexed and kept separately under the same conditions. None of 
the methods involved regulated procedures and so ethical approval was not needed for the 
experiments. Fish were returned to the stock tanks after experiments. 
Mate-copying experiment 
Experiments were performed with the classical mate-copying design used in fish: a large test 
tank (50 cm x 30 cm x 30 cm) and four small stimulus tanks (15 cm x 10 cm x 25 cm), two of 
which standing side by side at each smaller end of the large tank (Figure 4.1). A mate-
preference zone (15 cm x 15 cm) was marked in front of the stimulus tanks. The water in the 
tanks was 20 cm deep and had a constant temperature of 26 °C. The backsides of the tanks 
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were covered with white plastic to avoid any disturbances from outside. 
Experimental design 
The design encompassed a series of steps. First, the observer female was placed into the large 
test tank. A small male and a large male were placed each in one of the two small tanks, 
diagonally from each other to maximize distance. Opaque screens (white plastic boards) were 
inserted between the test tank and the four small stimulus tanks to prevent visual contact 
between the observer female and stimulus males. All three fish were allowed to acclimatize 
for 20 min. Second, the observer female was gently placed in a clear glass square tube (10 cm 
x 10 cm x 35 cm) in the middle of the large tank and the opaque screens were removed. All 
three fish were allowed to acclimatize for 10 additional min during which the observer female 
was able to watch the small and large stimulus males. Third, the central glass square was 
removed freeing the observer female, and the time the female spent within the mate-preference 
zone in front of each stimulus male was recorded with stopwatches for 10 min (first part of the 
mate-preference test Figure 4.1A). The time the observer female spent within the mate-
preference zone of a given male was used as a score of male attractiveness. Fourth, the opaque 
screens were inserted and the observer female was placed back into the clear glass square in 
the middle of the large tank. Stimulus males were then switched between the two small 
stimulus tanks to control for potential observer female's side biases and the opaque screens 
were then removed. Then, the observer female had 5 min to observe the stimulus males before 
she was released from the glass square and a second part of the mate-preference test then 
lasted for another 10 min. The time spent by the observer female in front of a given stimulus 
male in both parts of the mate-preference test was added for each stimulus male separately. 
The observer female was considered to prefer the stimulus male close to which she spent more 
time during the total of 20-min of the mate-preference test. Proximity as a measurement for 
mate preference is very common in mate-copying experiments as several studies could show 
that the association preference correlates positively with the mating probability (Bischoff et al. 
1985; Berglund 1993; Kodric-Brown 1993; Walling et al. 2010). We removed observer 
females that were side biased (i.e., that spent more than 90% of the time in the same mate-
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preference zone in both 10-min trials although stimulus males had been switched). This is a 
common criterion in mate-copying experiments (Witte and Noltemeier 2002; Witte and 
Ueding 2003).  Fifth, after this two-phase first mate-preference test (comprising two 10-min 
trials), opaque screens were inserted and the observer female was placed back into the glass 
square in the middle of the large tank. One demonstrator female was placed next to each male, 
but only the one close to the small male was visible to the observer female as the one next to 
the large male was hidden to her by an opaque plastic screen placed between her small tank 
and the central one (thick line in Figure 4.1B). To minimize disturbance, all female insertions 
were performed in the presence of another screen separating the lateral small tanks from the 
central tank. The observer female was then given the opportunity to observe a demonstrator 
female near the small male and the large male apparently alone for 10 minutes (Figure 4.1B). 
After this 10-min demonstration, screens were inserted again and the demonstrator females 
removed. Sixth, the opaque screens were removed and the observer female was released from 
the glass square starting the second mate-preference test which duplicated the first mate-
preference test in all aspects (Figure 4.1C). After the experiments, male and female body 
length was measured from the tip of the snout to the end of the caudal peduncle to the nearest 
mm. The observer and demonstrator females used in the same test were matched for body 
length. Males varied in size differences.  
Control 
In the control, we determined if females were consistent in their mate preference when they 
were not given an opportunity to copy. The control was performed in the same set-up under 
the same conditions and with the same protocol as the experiments. The only difference was 
that both demonstrator females were hidden to the observer female by an opaque plastic screen 
foil placed between the small tank and the central one and thus not visible to the observer 
female. 
Chapter 4: Mate-copying in the Eastern mosquito fish Gambusia holbrooki
78
Figure 4.1: Top view on the experimental set-up and design of the mate-copying experiment: (A) First 
mate-preference test: the grey fields are the two mate-preference zones. The observer female (black) is in the 
middle of the large test tank and two males (grey), a large (right) and a small (left) are placed diagonally in one of 
the small stimulus tanks at each end of the large test tank. B) Demonstration phase for 20 min. A demonstrator 
female (black) is placed in a separate tank next to the small male (right here), while a pseudo demonstrator 
female (black) is placed in a separate tank next to the large male, but behind a screen (thick black bar) and thus 
not visible to the observer female. C) Second mate-preference test (similar to the first test). 
Calculation of the mate-copying index 
We defined a mate-copying index (MCI): {[(time spent in front of the smaller male in the 
second mate-preference test – time spent in front of the larger male in the second mate-
preference test) – (time spent in front of the smaller male in the first mate-preference test –
Chapter 4: Mate-copying in the Eastern mosquito fish Gambusia holbrooki
79
time spent in front of the larger male in the first mate-preference test)] / Time spent in mate-
preference zones in the first and second mate-preference test}. 
Personality test in a test maze 
The personality test followed directly each mate-copying or control experiment. All 
experiments were performed in a test maze: a test tank separated in 5 chambers by 4 dark grey 
plastic boards (Figure 4.2). Each plastic board had an opening in the middle at the bottom of 
each plastic board that allowed fish to swim from one chamber to the next. The four sides 
around the open field test tank were covered with opaque foil to avoid any disturbances from 
outside. The water in the tanks was 10 cm deep and had a constant temperature of 26 °C. We 
measure boldness as exploratory behavior in that test maze. 
First, a female was gently placed into chamber 1. Then, we recorded the time until the female 
reached chamber 5 or an intermediate chamber. With these data, we calculate a personality 
index (time to reach the last chamber / number of the last chamber reached). Thus, we defined 
two indices of personality. A dichotomic definition separates individuals that reached the last 
chamber (Bold) from the ones that did not (Shy). For bold individuals, we further used the 
time spent to reach the last compartment as a measure of a level of boldness. 
At the beginning of the tests, each experiment lasted a maximum of 10 min, but we realized 
that 10 min were too short and extent the duration to 30 min.  We tested a total of 40 females 
(20 mate-copying and 20 controls) with 10 min trials and 99 females (75 mate-copying and 24 
controls) with 30 min trials.  
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Figure 4.2: Top view on the experimental test maze: The tank (30 cm x 20 cm x 20 cm) was separated in 5 
chambers (chamber 3: 10 cm x 20 cm; the other four chambers: 10 cm x 10 cm) by 4 dark grey plastic boards, 
each with an opening (3 cm diameter) at the bottom of each plastic board to females to explore all chambers. The 
test female was gently placed into chamber 1 at the beginning of the test. 
Sample sizes 
We tested a total of 106 females in the mate-copying experiment and 49 females in the control 
treatment. Thirteen of them were excluded from the analysis because they showed a side bias 
in the first mate-preference test. The median of observer females’ body length in the mate-
copying experiment was of 29.5 mm ± 0.6 mm (N = 97). In the mate-copying experiment, 
demonstrator females (N = 97) and pseudo-demonstrator (N = 97) females were matched for 
body length (Wilcoxon rank sum test: W = 4749, p = 0.91) with an average body length of 
30.1 mm ± 0.6 mm and 29.9 mm ± 0.6 mm, respectively. Male sizes reached from 16 mm up 
to 29 mm with relative size differences between the two males of a given test varying from 0% 
to 31%. 
In the control treatment, the median of observer females’ body length was of 30.1 mm ± 1 mm 
(N = 45). Both pseudo-demonstrator females (N = 90) females were matched for body length 
(Wilcoxon rank sum test: W = 1038, p = 0.839) with an average body length of 30.1 mm ± 0.9 
mm and 30.1 mm ± 1 mm, respectively Male sizes reached from 17 mm up to 28 mm with 
size differences between the two males of a given test varying from 0% to 31%. 
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External parameters  
In order to analyze the role of climatic conditions on mate-copying, we included two climatic 
parameters – absolute air pressure and its variation. We obtained the pressure data from the 
weather station in the Toulouse airport that records barometric conditions every thirty minutes. 
From our research on Drosophila, we know that measurements of the airport station and of our 
station in the room (next door) for fly experiments were correlated and varied at the same time 
and in the same proportion. We then examined the effects of 1) absolute air pressure at the 
onset of the demonstration phase and 2) its variation during the 6 hours preceding the start of 
each replicate, a time span used in a previous study about the influence of air pressure in other 
animals (Pellegrino et al. 2013). The variation in air pressure was calculated as the absolute air 
pressure minus the absolute air pressure 6 hours before, divided by 6. This gave the average 
rate of air pressure variation per hour during the preceding 6 hours. The inclusion of these two 
parameters in the statistical models allowed us to test their impact on the mate-copying index. 
Statistical analysis 
Data analyses were carried out with R 3.2.4 (R Core Team 2016). All p-values were two-tailed 
(σ = 0.05), and all data were tested for normality with a Shapiro-Wilk normality test. 
Descriptive statistics are shown as mean with standard error.  
To analyze the data, we used a linear regression model (lm) and for all tests, a manual 
selection of the variables was performed in order to select the more relevant model. The 
Akaike information criterion (AIC) was used to measure the relative quality of our statistical 
model (Akaike 1969).  
Results 
The starting model of variables explaining the mate-copying index (MCI) included 4 main 
effects, (i) relative size difference between stimulus males (Size), (ii) Treatment (mate-
copying vs. control), (iii) time to reach the last chamber as measure for personality (PT) and 
(iv) the air pressure during the demonstration (AP), plus all possible interactions. By stepwise 
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backwards model simplification we selected 4 models that equally fitted the data (see Table 
4.1). These contained all the main effects, the third order interaction of Size, Personality and 
Air pressure (p = 0.051). These suggested that all the main effects affected mate-copying 
either within a series of interactions or as main effects for those not involved in the remaining 
interactions (Figure 4.3, Figure 4.4). 
Figure 4.3: Mean mate-copying index depending on relative size difference between the stimulus males.
Mate-copying treatment is marked in blue and control treatment in red. Numbers next to the points indicate the 
sample size for that specific size category. Negative mate-copying scores indicate no copying while positive 
values indicate copying.  
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Table 4.1: AIC (Akaike information criterion) of the models during the backward model 
selection on the complete data-set. Models in bold equally fit the data.
Model df AIC
1. MCI ~ Size * Treatment * PT * AP + Size² 18 2000.364
2. MCI ~ Size + Treatment + PT + AP + Size² + Size:Treatment + Size:PT 
+ Size:AP + Treatment:AP + Treatment:PT + PT:AP + 
Size:Treatment:PT + Size:Treatment:AP + Size:PT:AP + 
Treatment:PT:AP
17 1999.231
3. MCI ~ Size + Treatment + PT + AP + Size² + Size:Treatment + Size:PT 
+ Size:AP + Treatment:AP + Treatment:PT + PT:AP + 
Size:Treatment:PT + Size:Treatment:AP + Size:PT:AP
16 1997.689
4. MCI ~ Size + Treatment + PT + AP + Size² + Size:Treatment + Size:PT 
+ Size:AP + Treatment:AP + Treatment:PT + PT:AP + 
Size:treatment:AP + Size:PT:AP
15 1996.471
5. MCI ~ Size + Treatment + PT + AP + Size² + Size:Treatment + Size:PT 
+ Size:AP + Treatment:AP + Treatment:PT + PT:AP + Size:PT:AP
14 1995.797
6. MCI ~ Size + Treatment + PT + AP + Size² + Size:PT + Size:AP + 
Treatment:AP + Treatment:PT + PT:AP + Size:PT:AP
13 1994.057
7. MCI ~ Size + Treatment + PT + AP + Size² + Size:PT + Size:AP + 
Treatment:AP + PT:AP + Size:PT:AP
12 1992.573
8. MCI ~ Size + Treatment + PT + AP + Size:PT + Size:AP + 
Treatment:AP + PT:AP + Size:PT:AP
11 1992.886
9. MCI ~ Size + Treatment + PT + AP + Size:PT + Size:AP + PT:AP + 
Size:PT:AP
10 1994.465
MCI: mate-copying index; Size: relative size difference between the stimulus males; Treatment: mate-copying vs. 
control; PT = Time to reach the last chamber in the personality test; AP = absolute air pressure during the 
demonstration. 
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Figure 4.4: Mean mate-copying index according to absolute air pressure [hPa] during the demonstration for 
the mate-copying experiment (top, blue points) and the control (bottom, red points). 
Chapter 4: Mate-copying in the Eastern mosquito fish Gambusia holbrooki
85
Figure 4.5: Mean mate-copying index depending on relative size difference between the stimulus males.
The group of shy individuals is marked in blue and the group of bold individuals is in red. Numbers next to the 
points indicate the sample size for that specific size category. Negative mate-copying scores indicate no copying 
while positive values indicate copying.  
As personality (shy versus bold) was involved in the third order interaction, to analyze its 
significance, we performed separated analyses for Bold and Shy individuals. For bold 
individuals, in a starting model including the main effects Size, Treatment and AP plus all 
possible interactions, we found no significant effect in the bold individuals (no interaction and 
no main effect significant, all p-values > 0.132). In shy individuals, we selected by stepwise 
backwards model simplification 3 models that equally fitted the data (see Table 4.2). These 
contained the main effects plus second order interactions of Size, Treatment and air pressure 
(p < 0.062).  
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Table 4.2: AICs of backward model simplification of the full model of the shy 
individuals. Models in bold equally fit the data.  
Model df AIC
1. MCI ~ Size * Treatment * AP + Size² 10 1266.111
2. MCI ~ Size + Treatment + AP + Size² + Size:Treatment + Size:AP + 
Treatment:AP
9 1264.650
3. MCI ~ Size + Treatment + AP + Size² + Size:Treatment + 
Treatment:AP
8 1262.779
4. MCI ~ Size + Treatment + AP + Size² + Treatment:AP 7 1261.704
5. MCI ~ Size + Treatment + AP + Size² 6 1263.455
MCI: mate-copying index; Size: relative size difference between the stimulus males; Treatment: mate-copying vs. 
control; AP = absolute air pressure during the demonstration. 
As treatment was involved in the second order interactions, we split the data-set due to 
treatments and analyzed mate-copying and control separately. The full model contained the 
two remaining main effects Size and AP plus its interaction. For the control treatment we 
found no significant effect(s) explaining the mate-copying index. For the mate-copying 
treatment, we found that 3 models were equally well in explaining our mate-copying index. 
These models contain the size difference between the males, the absolute air pressure and its 
interaction (Table 4.3; p < 0.004).  
Table 4.3: AICs of backward model simplification of the full model of the shy individuals 
in the mate-copying treatment. Models in bold equally fit the data.
Model df AIC
1. MCI ~ Size * AP + Size² 6 856.2400
2. MCI ~ Size + AP + Size² 5 854.5619
3. MCI ~ Size + Size² 4 855.2671
MCI: mate-copying index; Size: relative size difference between the stimulus males; AP = absolute air pressure 
during the demonstration 
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Discussion 
The aim of our study was to test whether female mate-copying exists in G. holbrooki, while 
accounting for potential confounding effects such as personality and/or air pressure affect 
mate-copying. We found no evidence of mate-copying in bold individuals, but found strong 
evidence for mate-copying in shy individuals. In shy individuals, the curve of the mate-
copying index was bell shaped indicating that shy individuals copied the choice of other 
females mainly when the size difference between stimulus males was intermediate between 0% 
and 30% with a maximum of mate-copying between 10% and 25%. Below that value shy 
females did not copy either because there was no real size difference between the males (Size 
<10% according to Figure 4.3), nor did they above around 25% (according to Figure 4.3). The 
air pressure during the demonstration phase also seemed to affect mate-copying and females 
were more likely to copy when the air pressure was high (Figure 4.4). To confirm our results 
and strengthen the effects of air pressure, personality and size difference between the males on 
mate-copying, we have to increase the sample size in the future.  
When increasing the sample size, we also might find mate-copying in shy females for males 
that are similar in size, as it is the case in the related sailfin molly (Witte and Ryan 1998; Witte 
and Massmann 2003). In a study in the sailfin molly, the authors had to increase the time of 
the demonstration phase before females copied the choice of a small or heterospecific male 
(Schlupp et al. 1994; Witte and Noltemeier 2002). The demonstration phase in our experiment 
seemed to be long enough to override the general preference for larger males up to a relative 
size difference between the stimulus males of 25%. This is similar to a study by Dugatkin 
(1996b) where he tested whether he could override the genetically based preference for orange 
male ornaments in guppy females, P. reticulata. Female guppies copied the choice of 
demonstrator females when the males differed in the amount of orange by 24% or less, but 
they did not copy when males differed in the amount of orange by 40%. Due to the available 
male sizes, we were not able to go beyond 30% difference between the males for the moment, 
but it would be interesting for the future to test also larger size differences. 
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The fact that shyer females are more likely to copy matches with our prediction that shy 
individuals are better learners and rely more on social information than bold individuals. This 
result is consistent with recent findings in zebra finches where females that sample more 
actively their environment were less likely to copy in mating and foraging situations (Rosa et 
al. 2012). Another benefit of mate-copying for shyer individuals is that the observing female is 
not physically involved in courtship displays or sexual harassment with a prospective mate. A 
female that observes how a male courts another female gains information about this male, and 
may reject an aggressive male, without being physically involved (Witte and Ueding 2003). 
As sexual harassment in mosquito fish is quite high, females might gain real benefits from 
observing the mate choice of others. 
Our data suggest that females are more likely to copy when the air pressure was high. As rapid 
changes in weather condition can have profound impact on animal fitness. Animals might 
strongly benefit from predicting these climatic variations by monitoring changes in air 
pressure. For instance, a rapid drop in air pressure indicates the upcoming of a storm which 
can have serious fitness consequences. Consistent with this idea, in insects, it has been shown 
that atmospheric pressure can affect mating behavior (Ankney 1984; Pellegrino et al. 2013; 
Austin et al. 2014). It is known that fish change their location in the water column depending 
on the light conditions but also on climatic conditions of the season (Jonsson and Jonsson 
2002, Koed et al. 2000); however, the effect of air pressure on mate choice or social learning 
in fish has never been investigated yet. Fish are very sensitive to changes in water flow or 
pressure due to their lateral line organs. Thus, although it has not been investigated yet, fish 
should also be able to detect changes in air pressure as well as these changes are also 
transmitted to the water column. Up to now, our data suggest that G. holbrooki is able to sense 
changes in air pressure and that these changes affect mate choice. When air pressure was high, 
females were more likely to copy. This result is similar to what we have found in D.
melanogaster females (Dagaeff et al. submitted). To further confirm our results, the sample 
size needs to be increased in order to test as much as possible different combinations of air 
pressure values.    
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In conclusion, we showed that personality and external parameters can influence mate-copying 
in G. holbrooki females, and that this behavior seems more frequent in shy individuals under 
good climatic conditions. The importance of these mate-copying abilities in the field, and their 
potential impact on mosquito fish evolution, need to be further evaluated.  
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General discussion
During my PhD project, I have studied the use and importance of public information in the 
context of mate choice in fish. I could show that mate-copying may vary in different species. 
By using a set up adapted from previous studies, we did not find evidences for mate-copying 
in the zebrafish, while using same set-up, we could detect a robust mate-copying in mosquito 
fish.  Our data provide some new insights about mate choice in the zebrafish, which is not well 
understood so far. In order to address whether the ability of each individual to use social 
information is related to its personality, we used a modified version of the open field test 
(Walsh and Cummings 1976) in the form of a serial maze to measure individual difference in 
boldness. Although we found a clear distribution of the individuals along the shy-boldness 
axis, we did not detect any repeatability of individual behavior across five tests. This was 
mainly due to the fact that fish explored the maze during the first test so that many of them 
reached the last chamber during the test during the first trial, but later they had memorized that 
there was no food in the maze and thus did not bother exploring it anymore. As a result in 
most subsequent trials in the maze, only very few fish moved within the maze so that it 
became impossible to rank them in terms of boldness. This suggests that repeated 
measurements of the same test might not be relevant as they mostly include the risk of 
habituation.  
In the mosquito fish, our results suggest that female rely on social information when choosing 
a mate. However, to detect it we had to account for several confounding variables influencing 
mate-copying in that species. In essence, we found that mate-copying was significant only in 
shy individuals, and that this depended on air pressure (the only not controlled climatic 
parameter in our experimental room) and on the relative size difference between demonstrator 
males. This suggests that observer female’s personality plays a role in using social information 
when choosing a mate. 
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Reasons for why we did not detect mate-copying in Zebrafish  
- No evidence for mate-copying in other species 
Mate-copying has been demonstrated in invertebrates and vertebrates including humans 
(Vakirtzis and Roberts 2012) suggesting that it might be a general behavior conserved across 
evolution.  However, the use of social information may differ across species as some studies 
found no evidence in mate-copying in several species. For example, Patriquin-Meldrum and 
Godin (1998) revealed that the female three-spined sticklebacks did not copy the choice of 
others. Applebaum and Cruz (2000) found that mate-copying did not contribute significantly 
to female preferences in Limia perugiae (Cyprinodontifiormes, Poeciliidae). Similarly, 
Howard et al. (1998) did not find indication that females copied the mating decisions of other 
females in Japanese medaka, Oryzias latipes. Slagsvold and Viljugrein (1999) failed to find 
female mate-copying in pied flycatchers, Ficedula hypoleuca. In zebra finches, Taeniopygia 
guttata, Doucet et al. (2004) did not find arguments for mate-copying either. 
With the aim to further study mate-copying in a well characterized model system, we tested 
mate-copying in zebrafish.  In chapter 2, we showed that the zebrafish is unlikely to be the 
best model to study mate-copying in vertebrates. In our study, we used wild type zebrafish 
(AB strain); however, it is possible that this particular AB strain does not show mate-copying 
while other strains would. For instance, different species of fruit flies have been shown to 
diverge in their capacity to mate copy. Mery et al. (2009) found that female Drosophia 
melanogaster showed mate-copying while Auld et al. (2009) failed to find evidence for mate-
copying in Drosophila serrate. There may be differences for mate-copying between 
populations and mate-copying may occur only in some populations. For instance, in guppy, 
mate-copying was found in some populations from the Turure River, Trinidad (Dugatkin 
1992), but not all populations (Brooks 1996, 1999; Lafleur et al. 1997). Therefore, it might 
also be that natural zebrafish populations or some zebrafish strains possess the capacity to 
mate-copying, and that AB laboratory strains have lost it. It would be particularly interesting, 
in a future study, to investigate whether zebrafish in the wild can use public information and 
exhibit mate-copying. 
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- Male mate choice copying 
Females are usually considered to be the choosier sex (Trivers 1972) because they generally 
invest more time and energy than males in reproduction. However, as fertilization in zebrafish 
occurs externally and as zebrafish is a batch spawning fish with no parental care, then female 
zebrafish invest approximately as much as males in reproduction. Moreover, in our 
populations of zebrafish, the sex ratio is usually skewed toward males, and then it may leave 
females with little choice. Therefore, male zebrafish might be the choosy sex and it is possible 
that, in zebrafish, mate-copying plays a role in male choice rather than in female choice.  
Empirical records suggest that males can also copy (Widemo 2006; Moran et al. 2013;
reviewed in Witte et al. 2015). If mating or sperm production is costly, copying may be 
beneficial for males (Kokko and Jennions 2008). For example, in deep-snouted pipefish, 
syngnathus typhle, sex roles are reversed, that is, females are the most intensively competing 
sex and males are choosier than females (Berglund 1999). In a later study, Widemo (2006) 
found that male deep-snouted pipfish but not female copy the mate choice of others. Moran et 
al. (2013) showed that in darter, Etheostoma zonale, in which both sexes do not provide 
parental care, both sexes showed mate-copying.  In the same study, Moran et al. (2013) also 
found that in another darter species, Etheostoma fkabellare, males but not females darter show 
mate-copying and males provide parental care in this species. 
However, in male mate-copying, copier males face the risk of sperm competition. Auld and 
Godin (2015) showed that male guppies copied the observed apparent mate choice of 
conspecific demonstrator male, and reversed their initial preference for another female whom 
they had observed receiving sexual attention from male rival.  In a previous study, it was 
shown that male guppies might use social sexual cues to predict the risk of sperm competition 
(Dosen and Montgomerie 2004). These authors found that male guppies did not show mate-
copying, but adjusted their behavioral response to the risk of sperm competition by preferring 
to associate with females that did not receive copulations from multiple males. Their findings 
are consistent with the study of White and Galef (1999) who found that male Japanese quail, 
Coturnix japonica, decreased their tendency to associate with females immediately after 
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seeing them mate with another male, but increased their preference for them 48hours later, at a 
moment when most of the sperm from the previous copulation has likely been lost. Similarly, 
from the view of females, copying the mate choice of their conspecifics might bear cost from 
sperm depletion (Loyau et al. 2012). Thus, there might be a possibility that some of our 
zebrafish females accounted for such risks of sperm depletion. 
- Influence of other possible traits on mate-copying 
Ophir and Galef (2004) showed that virgin females Japanese quail (Coturnix japoinica), were 
more likely to copy than sexually experienced females. Thus, there might be a possibility that 
our zebrafish observer females had previous sexual experience and thus did not use the 
information acquired by observing other females’ mate choice. When having previous sexual 
experience, in our study, female zebrafish might first rely on their own assessment of male 
quality and then seek additional information from the choice of other females. The observation 
of an interaction between a male and a female has been shown to be the major cue for females 
to copy a choice of another female. However, in zebrafish, females might need real courtship 
or might be using other male traits rather than male body length as cues to copy the choice of 
other females. In most species, female preference for males with larger body size is expected 
(Andersson 1994). Bigger males usually show courtship behavior to females, whereas smaller 
males try to sneak copulations without displaying any courtship. Although female zebrafish 
prefer larger males (Pyron 2003), and allocate more eggs to them (Skinner and Watt 2007), it
might not be the major trait influencing female zebrafish mate choice. As male zebrafish are 
usually aggressive, one can hypothesize that, for instance, male aggressiveness or dominance 
may be more informative for female zebrafish mate choice (Qvarnström and Forsgren 1998).
Further studies are necessary to address these possibilities. Moreover, some studies suggest 
that mate-copying might be mediated not by visual observation but by olfactory cues 
(Kavaliers et al. 2006). Kavalier et al. (2006) showed that naïve female mice prefer odors of 
males that are associated the odor of an estrous female over those of males that are not thus 
associated. Freed-Brown and white (2009) provided evidence of acoustic mate choice copying 
in brown-headed cow-birds. Similarly, zebrafish might use non-visual cues to choose a mate. 
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- Age effect on mate-copying 
Dugatkin and Godin (1993) showed that older female guppies did not copy the choice of 
younger guppies; while younger females do copy the choice of older females. Amlacher and 
Dugatkin (2005) showed that female guppies tend to copy the older female mate choice when 
given an opportunity to choose between copying a younger or an older female mate choice. 
Thus, we made sure that, in our study, demonstrator and pseudo-demonstrator female 
zebrafish were older than the observer female. Nonetheless, younger females did not copy the 
choice of older females. Nevertheless, it may be possible that the age difference was not high 
enough. 
- Effects of the amount of social information on mate-copying 
In our mate-choice study, we used a classical design with 10 min demonstrating phase which 
has been used in most fish studies. Nevertheless, it is possible that this amount of information 
was not enough for female zebrafish to reverse their mate preference. Indeed, the amount of 
information is an important factor for mate-copying. Dugatkin (1998) showed that in guppies, 
females showed mate-copying by observing one demonstrator female for 10 min next to the 
drabber male. However, Witte and Noltemeier (2002) showed that female sailfin mollies 
(Poecilia latipinna) did not reverse their preference for a non-preferred male when they 
observed him interact with a demonstrator female for 10 min but did so when they observed 
him interact with two females for 5 min each or one female for 20 min. Thus, it might be that a 
10 min demonstration phase was not long enough for female zebrafish to obtain information 
on males and to reverse their natural preference for large males. 
Personality test and repeatability 
- Different methodologies for measuring boldness 
One aspect of my PhD was to consider the impact of individual personality on social learning 
ability. A major personality trait is defined along the bold-shy axis. To analyze whether the 
ability of individuals to learn correlates with their personality, we systematically tested 
zebrafish females in a set-up designed to reveal exploratory/bold versus shy personalities, 
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following the mate-copying test. In order to increase the accuracy of the results, we tested 
each female five times in the same set-up. 
Definitions of personality traits and methodologies to assess them widely vary. Although there 
are several behavioral tests that can be used to measure boldness in laboratory setting, there is 
no standard method. Many studies provide a mixture of approaches which all incorporate 
novelty. Boldness is usually associated or even equated with aggression, fearlessness, 
exploration or activity. Moretz et al. (2007) suggests that individual with higher frequency of 
predator approaches may be considered bolder. Therefore, predator inspection tasks are used 
to show boldness through investigating fear responses to the predator placed at one end of the 
tank. Moretz et al. (2007) measured boldness by using the shoaling task, a test usually used as 
a measure of schooling tendency and preference for conspecifics in schooling fish species; in 
this shoaling task, individuals that tend to leave the stimulus group are considered as bolder 
individuals. An open-field task takes individuals into an open and novel environment and has 
been generally used to selectively test small mammals for emotional reactiveness and non-
reactiveness (Warren and Callaghan 1975). Recently, a modified open-field task has been used 
in fish to measure activity and exploration with the aim to assess boldness (Burns 2008). 
Novel object task is used to measure fear of novelty through monitoring the behavior of an 
individual that faces new objects that it has never observed before. In either situation, it is 
difficult to determine if any given method reveals actually boldness. Wisenden et al. (2011) 
found that exploratory individuals were bolder on average in a serial open field maze in 
zebrafish and that this behavior is heritable in zebrafish. Therefore, we use a modified version 
of the open field test (Walsh and Cummings 1976) in the form of a serial maze to measure 
individual difference in boldness. 
- Repeatability of boldness 
In our study, we tested mature female zebrafish 5 times with a delay of 2 weeks between the 
tests over a period of 8 weeks. We did not detect any repeatability of boldness across these 5 
successive tests. Our finding is consistent with the study of Castanheira et al. (2013). 
Castanheira et al. (2013) did not find consistency over time in the behavior of Seabream, 
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Sparus aurata in front of novel objects. Hedrick and Kortet (2012) showed that, in cricket, 
boldness was repeatable across metamorphosis in females, but not in males through the 
response to a predator. Petelle et al. (2013) studied repeatability of boldness within three age 
groups (juveniles, yearlings and adults) in yellow-bellied marmots, Marmota flaviventri, and 
found that boldness was repeatable only in yearlings. We tested two groups of zebrafish 
females: the first group consisted of females that were about 3 months old in our first test, and 
the second group of females was about 6 months old. We did not detect any differences 
between our 2 groups, suggesting that, age of zebrafish does not influence the repeatability of 
boldness in our study. One explanation for the lack of reproducibility across the 5 tests might 
be that individual fish habituated to the open field maze and become less responsive as they 
had memorized that there was no food in the maze (Martin and Réale 2008). Therefore, we 
suggest that, in open field maze set ups, only the first test can separate individual along bold-
shy axis. 
Mate-copying studies in mosquito fish 
As we did not find mate-copying in the zebrafish laboratory AB strain, we shifted to mosquito 
fish (Gambusia holbrooki) which were caught in the wild lake (Lac Lamartine in Toulouse, 
France). In order to make sure that mosquito fish can get enough information, we increased 
the time of demonstration phase to 20 min in mate-copying experiment.  
- The link between personality and the use social information 
Mosquito fish females have different abilities to assess and identify the male high quality trait. 
If females are less accurate in their assessment abilities or are less choosy, such females 
should not be very determined in their choice and use more social information. In chapter 4, 
we found links between that female boldness and their ability to mate copy. As expected, we 
found evidence of strong mate-copying only in shy females, suggesting that female personality 
in related to social information use in mate choice. 
Previous studies showed that personality in some species can predict the ability to rely on 
social information (Kurvers et al. 2010; Marchetti and Drent 2000; Nomakuchi et al. 2009). 
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Moderately or highly exploratory female zebra finches, for instance, prefer males that appear 
to be exploratory and, on the other hand, less exploratory females show no preference for 
either exploratory or non-exploratory males (Schuett 2008). Similarly, Groothuis and Carere 
(2005) found that males of the fast exploration expressed preference for similar females of fast 
exploration, whereas males of the slow exploration did not display preferences for females of 
either fast or slow in great tits, Parus major. That study also suggested that high exploration 
levels could signal high quality in general. On the other hand, slow-exploring individuals 
might need more time to assess prospective mates’ behavioral types accurately, or may have a 
smaller time horizon for choosing a mate. Slow-explorers, which have been shown to be risk 
averse (in great tits: van Oers et al. 2004; in zebra finches: Schuett and Dall 2009), would 
invest more time in gathering information to decrease the risk (Dall and Johnstone 2002) thus 
potentially leaving less time for mate choice. Likewise, Rosa et al. (2012) found that females 
that sampled more actively their environment were less likely to copy the mate choice or 
feeding choice in zebra finches. Thus, sampling rate has been found to correlate positively 
with personality traits of boldness (Harcourt et al. 2010; Rockwell et al. 2012). In our study, 
Shy or less exploratory mosquito fish might be characterized by lower sample rates, lack 
personal information and are uncertain as how to behave, which naturally lead them to rely 
more on social information and learn from others. Thus, we propose that not only the traits of 
the chosen male mosquito fish (body size length) but also personality of the choosing female 
mosquito fish (boldness) affects female mate choice decision. 
- An optimal window in relative male size difference for mate-copying in the mosquito 
fish 
In chapter 4, we report on the existence of an optimal window in relative male size difference 
for which shy female do mate-copy. When male size differences were less that 10% or higher 
than 25%, females did not mate copy. In between, that is from 10% to 25%, female mosquito 
fish copied the choice of other female mate choice. These results are consistent with previous 
studies. Female guppies genetically prefer males with larger areas of orange body coloration 
than smaller ones. However, Dugatkin’s works (1996a, 1996b, 1998) suggested that guppies 
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(Poecilia reticulata) rarely copy the mate choices of other females when males differ by more 
than 25% in a sexually selected ornament: Dugatkin (1996b) showed that the observer female 
copied the demonstrator’s mate choice when males differed by 12%-24% in total body orange 
area, but did not copy when males differed by 40%. Thus, mate-copying seems to not being 
able to override a general genetically based preference for orange coloration in male guppies 
when the difference in color between males was too large. Similarly, Witte and Ryan (1998) 
found that in sailfin molly, Poecilia latipinna, females did not copy the mate choice of others 
when the males differ greatly in size. 
- Effect of the climate on mate-copying 
Parallel experiments in our team found that the climate has effect on the ability of copying in 
female flies, Drosophila melanogaster (Dagaeff 2015, PhD thesis): female flies copy less when 
climatic conditions are deteriorating (in contexts of decreasing air pressure); on the other hand, 
females copy very efficiently when climatic conditions are improving (increasing air pressure) 
(Dagaeff et al. submitted). As such, we also analyzed whether air pressure also affects fish 
mate-copying, by including air pressure data provided by Meteo France in our statistical 
analyses (others external parameters such as temperature, humidity and photoperiod are 
controlled in our experimental room). Our data suggest that, surprisingly so, air pressure might 
affect mate-copying in the mosquito fish too (Chapter 4). This result is particularly interesting 
as there is only scant knowledge about the effect of weather on cognitive abilities in animals 
including humans. One possible explanation might be that the stress faced by animals under 
deteriorating climatic conditions would constraint their capacity to learn. How fish would feel 
the air pressure changes is not known yet but this might involve a mechano-sensoriel structure 
called the lateral line which is dedicated to detecting water pressure changes as indicative of 
the presence of obstacles or predators etc (Bleckmann 1986). Our finding should be 
strengthened in the future by increasing our sample size. 
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Outlook 
Non-genetic inheritance, namely cultural inheritance has been suspected to strongly affect the 
course of evolution for a long time but proofs are still lacking. A prerequisite for cultural 
inheritance is generalization (Brooks 1998). Generalization occurs when copiers do not copy 
for an individual but can generalize their choice for males with a particular shared trait. There 
are several studies that show generalization in some species (Godin et al. 2005; Witte and 
Noltemeier 2002; Mery et al. 2009). In our team, a study showed that female flies are able to 
learn socially to prefer one type of male and generalize their preference (Dagaeff 2015, PhD 
thesis). Godin et al. (2005) found that in guppies, female copied the choice of other females 
for a natural color phenotype, and can generalize their preference for other male individuals of 
the same phenotype. Witte and Noltemeier (2002) found that in sailfin molly, females can 
generalize a learned preference for smaller males and maintain a mate preference learned by 
mate-copying after 12-28 days. Copying the choice of a male type is a requirement for a 
cultural transmission of mate preferences. In our study, our results showed that some female 
mosquito fish can socially learn a trait. Then, in the future we can investigate whether 
mosquito fish can generalize the preference for a male phenotype (i.e. their learning 
preference for smaller males) and how long the copier females can retain this information. 
Social learning generally requires a genetic predisposition for the ability to learn from other 
conspecifics. Therefore, the descendants of copying individuals might show stronger copying 
behavior than descendants of not-copying individuals. It might also be interesting to test the 
copying ability of the descendants of copying individuals to address whether a learned 
preference could be transmitted to the next generation. 
Another interesting field for future research would be to employ artificial, experimentally 
manipulated male traits to study cultural inheritance. Although most of female fish generally 
prefer large males, it is difficult to distinguish between learned and genetically based 
preferences. In order to tell those apart, new artificial phenotypes could be used, thus 
circumventing the question of the impact of latent preference. There are some studies that 
show the choice for artificially created phenotypes can be copied, and, in this case, there is 
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potentially no a priori existing preference. Mate-copying for artificial traits was demonstrated 
in zebra finches, Japanese quail, sailfin molly, and in flies where new male phenotypes can be 
created by dusting them with green or pink powder. Female flies, Drosophila melaogaster, not 
only show mate-copying but generalize and prefer males of the same color type that they have 
been previously observed mating (Dagaeff 2015, PhD thesis). In future studies, we can create 
artificial traits in male mosquito fish by tagging them with different colors. Then, we can 
analyze mate choice by using these color traits and study whether these created phenotypes 
can be copied socially. 
Future investigations can address the role of the demonstrator in mate-copying. It has been 
shown that females copy the mate choice of older and more experienced demonstrator females 
in mate choice, but not vice versa (Dugatkin and Godin 1992; Amlacher and Dugatkin 2005; 
Vukomanovic and Rodd 2007). Hill and Ryan (2006) showed that sailfin molly females only 
copy the mate choice of conspecific females but not mate choice of closely related Amazon 
molly females. Therefore, females seem to assess the quality of a demonstrator female and 
then decide to copy or not. Except age and species, in future study, we can study wether the 
personality of a demonstrator influence copying of the observer.Would bold demonstrators be 
better than shy ones? Or vice versa?  
With this thesis, I hope I contributed to understanding some new aspects of the use of social 
information in decision-making in two fish species. However, there are still open and new 
questions about mate-choice strategies and further research is necessary to investigate the 
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TITRE DE LA THÈSE EN FRANÇAIS : Transcrire en toutes lettres les symboles spéciaux. 
L’imitation du choix du partenaire et personnalité dans deux espèces de poisson Danio rerio et Gambusia holbrooki
RESUMÉ DE LA THÈSE EN FRANÇAIS 
Le choix du partenaire sexuel est l’une des décisions les plus importantes auxquelles sont confrontés les animaux au 
cours de leur vie. Une manière pour un individu de choisir un partenaire sexuel est de copier le choix de ses congénères. 
Bien que décrit dans différentes espèces de vertébrés et chez la Drosophila, ce processus d’imitation du choix du 
partenaire reste malgré tout peu compris. L’objectif de ma thèse a été d’étudier la capacité des femelles à choisir leur 
partenaire sexuel par imitation dans deux espèces de poisson, le poisson zèbre (Danio rerio) et la Gambusie de l’Est 
(Gambusia holbrooki), et d'étudier si cette capacité des femelles à imiter est corrélée à leur personnalité, plus 
particulièrement à leur caractère sur l’axe timide-audacieux.
Les femelles poisson zèbre et G. holbrooki ont une préférence naturelle pour les grands mâles. Afin d’évaluer leur 
capacité à imiter, nous avons testé si, comme décrit dans d'autres espèces de poissons, les femelles augmentent leur 
préférence pour le petit male après avoir observé le grand male seul et le petit mâle en interaction avec une autre 
femelle. Nous n’avons pas pu mettre en évidence une tendance à imiter le choix de ses congénères chez des femelles 
poisson zèbre, suggérant que ce modèle n’est pas adapté pour étudier les mécanismes cognitifs sous-tenant le processus 
d’imitation du choix du partenaire (Article 1, Chapitre 2). Afin d’évaluer leur caractère exploratoire-audacieux, nous 
avons testé le comportement de ces mêmes femelles poisson zèbre dans un labyrinthe toutes les deux semaines, cinq 
fois de suite. Bien que nous ayons trouvé une répartition claire des individus le long de l'axe timide-audacieux dans le 
premier test, nous n’avons cependant pas pu détecter une répétabilité des comportements individuels à travers les tests 
suivants. Ceci était sans doute du au fait qu'après le premier test de personalité dans le labyrinthe, les femelles avaient 
appris que ce labyrinthe ne contenait aucun attracteur (alimentation ou congénère), ce qui les conduisaient à bouger de 
moins en moins dans le labyrinthe. Ainsi, bien que les traits de personnalité doivent persister au fil du temps, nos 
données suggèrent que la répétabilité des mesures dans un même test pourrait être faussée par l’apprentissage et 
l’habituation (Article 2, Chapitre 3).  
Finalement, nos données sur les femelles Gambusie de l’Est suggèrent que la capacité à imiter le choix d’un partenaire 
sexuel est liée à la personnalité des femelles: comme anticipé, seules les femelles timides, et non les plus audacieuses, 
montrent une réelle capacité à imiter le choix de leurs congénères femelles. Ce comportement des femelles timides est 
maximum lorsque la différence de taille entre les mâles est comprise entre 10% et 25%. Enfin, l’imitation du choix du 
partenaire semble également être affectée par la pression atmosphérique au moment de l'expérience, les femelles étant 
plus susceptibles d’imiter leurs congénères lorsque la pression de l'air augmente, en prévision de condition climatique 
favorable. Si nous avions ignoré ces effets confondants (personnalité, différence relative de taille des mâles attracteurs 
et pression atmosphérique), nous n'aurions pas détecté le comportement d'imitation du choix du partenaire sexuel chez 
la gambusie. Nous concluons qu'il est important de prendre en compte de tels effets confondants dans l'étude du 
comportement d'imitation du choix du partenaire social chez les autres espèces (Article 3, Chapitre 4). 
PROPOSITION DE MOTS-CLÉS EN FRANÇAIS:
1 information sociale 5 répétabilité 
2 l'apprentissage social 6 l'axe timide-audacieux 
3 l’imitation du choix du partenaire 7 Danio rerio 
4 personnalité 8 Gambusia holbrooki 
TITRE DE LA THÈSE EN ANGLAIS : Transcrire en toutes lettres les symboles spéciaux 
Mate-copying and personality trait in the two fish species Danio rerio and Gambusia holbrooki 
RESUMÉ DE LA THÈSE EN ANGLAIS 
The use of social information in the context of mate choice is important in sexually reproducing organisms. One form of 
mate choice is through social learning, namely mate-copying, in which females choose potential mates by copying the 
mate choice of conspecifics. Although mate-copying has been described in various animals, we know little about the 
parameters influencing it. Here I investigated whether zebrafish (Danio rerio) and mosquito fish (Gambusia holbrooki)
females, rely on social information in mate choice and thus perform mate-copying. I also characterized tested females 
along the shy-boldness axis to investigate whether mate-copying is related to personality in these fish. Both zebrafish 
and mosquito fish females have a natural preference for large males. To address female’s ability to mate copy, we tested 
whether females change their preference for the small male after observing the large male alone and the small male 
interacting with another female. In zebrafish, we found no significant evidence for mate-copying, suggesting that the 
zebrafish is probably not the best model species to study the cognitive mechanisms underlying mate-copying in 
vertebrates (Paper 1, Chapter 2). To study the shy-boldness behavioral response of zebrafish, we tested zebrafish 
females five times in the same open-field maze with a delay of two weeks between tests. In the first test, we found a 
clear distribution of the individuals along the shy-boldness axis; however, we were not able to detect any repeatability 
of individual behavior across the following tests, mainly because individual fish seemed to have learned that the maze 
used to measure their personality did not contain any attractive elements (food or conspecifics), which lead them to stay 
more and more immobile in successive personality tests. Thus, although personality trait should be consistent over time, 
our data suggest that repeated measurements in the same test might not be appropriate as they include a risk of learning 
and habituation to the experimental design (Paper 2, Chapter 3). 
We then tested G. holbrooki females in a standard mate-copying experiment and then performed a unique personality 
test in a maze. As anticipated, we found no significant mate-copying in bold individuals, but found strong evidence for 
mate-copying in shy individuals. Furthermore, shy individuals copied the choice of other females mainly when the 
relative size difference between stimulus males was between 10% and 25%. Below and beyond these values shy 
females did not show significant mate-copying.  
Finally, mate-copying also appeared to be affected by the air pressure during the demonstration phase and shy females 
were more likely to copy when the air pressure was high, that is when climatic conditions were most favorable. Ignoring 
personality, attractor male relative size differences and climatic conditions would have leaded us to conclude that mate-
copying does not seem to exist in the mosquito fish. We thus conclude that it is important to account for such potential 
confounding effects when testing the existence of mate-copying behavior in various animal species (Paper 3, Chapter 
4). 
PROPOSITION DE MOTS-CLÉS EN ANGLAIS:
1 social information 5 repeatability 
2 social learning 6 bold-shy axis 
3 mate-copying 7 Danio rerio 
4 personality 8 Gambusia holbrooki 
